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DEVELOPMENT  OF  INTERGRANULAR  CRACKING  AND  RELAXATION 
OF  STRESS  IN  DEEP  CRYSTALLINE  ROCK  OF  EARTH  CRUST  AS 
RESULT  OF  PHYSICO-CHEMICAL  INFLUENCE  OF  WATER 

M.Z.Abdrakhimov,  E.I.Kouznetsova 
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Truzhennikov,  119121  Moscow  Russia 
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Moscow  Lomonosov  University,  Russia 

Many  of  fundamental  questions  in  the  Earth  sciences  are  related  to  fluids  .  Despite  the 
importance  of  fluid  -  rock  interactions  in  many  geologic  processes,  there  is  still  a  lack  of  knowledge 
as  regards  the  behavior  of  fluids  at  depth,  especially  in  situations  involving  both  mechanical  and 
physico-chemical  impact  of  a  liquid  phase.  The  current  tendency  to  consider  these  two  aspects  of 
the  solid  -  liquid  interaction  without  taking  into  account  their  interplay  leads  to  an  understatement 
of  the  role  of  fluids  when  they  are  present  in  small  amounts,  do  not  interact  chemically  with 
surrounding  minerals  to  any  appreciable  extent  and  do  not  dissolve  them.  Therefore  they  are  not 
thought  to  affect  the  structure  and  properties  of  enveloping  rocks  and  the  role  of  fluids  is  often 
neglected. 

However,  it  is  nowadays  a  well  established  fact  that  surface  (or  interface)  phenomena  which 
are  extremely  sensitive  even  to  trace  concentrations  of  certain  chemical  compounds  must  be  taken 
into  consideration  when  analyzing  mechanical  behavior  and  structure  evolution  of  rocks  as  well  as 
any  other  solids  without  exception.  For  this  purpose  one  can  use  the  ideas  and  experimental 
methods  of  the  physico-chemical  mechanics  put  forward  by  P.A.  Rehbinder  and  developed  in  the 
course  of  last  decades  in  particular  as  applied  to  the  Earth  sciences.  This  approach  proved  to  be 
successful  in  explaining  many  cases  of  premature  failure  or  structural  degradation  of  solids  relating 
them  to  adsorption-induced  strength  decrease  or  stress  corrosion. 

The  nature  of  surface-active  agents  is  specific  to  any  given  type  of  solids.  In  the  case  of 
rocks,  by  far  the  most  important  component  of  aggressive  fluids  is  the  water. 

In  the  cases  when  the  grain  boundary  free  energy  sGB  is  sufficient  to  produce  the 
intergranular  wetting,  the  relative  free  energy  threshold  beyond  which  the  boundaries  are  permeable 
is  known  as  Gibbs-Smith  condition  [Gibbs  J.W.,  1982]: 

^  ^SL  <  ^GB 

where  the  subscripts  GB  and  SL  mean  grain  boundary  and  solid  /  liquid  . 

The  spontaneous  liquid  penetration  along  grain  boundaries  was  observed  on  some  metallic  systems, 
on  water  -  rock  salt  at  the  room  temperature,  water  -  carbonate  and  silicate  rocks  in  special 
temperature  and  stress  conditions 

A  large  number  of  data  obtained  at  the  Kola  Superdeep  well  give  evidence  that  below  7-8 
km  rocks  in-situ  around  the  hole  are  in  state  of  volume  discompaction. 

Our  experimental  study  have  demonstrated  that  the  surface  activity  of  water  as  the  principal 
constituent  part  of  the  drilling  fluid,  combined  with  elevated  temperatures  and  differential  stresses, 
contributes  to  the  development  of  intergranular  microcracks  under  conditions  for  the  lower  part  of 
Kola  Superdeep  Well. 

For  this  purpose,  we  have  employed  a  piston-cylinder  testing  apparatus  allowing  to  perform 
triaxial  tests  of  cylinder-shaped  specimens  (15  x  30  mm)  in  various  liquid  environments  (water, 
drilling  fluid,  crude  oil,  acetone),  within  300°C  temperature  range  and  at  confining  pressures  up  to 
300  MPa  and  axial  loads  until  specimen  failure.  Accordingly  we  can  simulate  stress  and  temperature 
condition  of  state  of  rock  in  the  hole  at  the  large  depth.  For  experiments  we  have  took  analogs  of 


rock  core  Kola  well:  massive  amphibolite  and  gneiss  without  microcraks.  Before  and  after  testing 
we  measured  density,  porosity,  compressive  and  shear  wave  and  prints  on  photographic  paper 
visualizing  microcracks  distribution. 

Amphibolite  and  gneiss  specimens  were  exposed  to  water  or  drilling  fluid  at  various 
temperatures,  confining  pressures  and  differential  loads.  We  discovered  that  above  100°C  grain 
boundaries  into  rock  open,  forming  intergranular  microcracks,  after  3  hours  exposure  .  Axial 
deviator  stress  increase  this  effect  and  bring  to  appearance  of  transect  cracks  subparalleled  to  main 


Fig.  1.  Print  images  of  open  microcracks  on  surface  of  amphibolite  (rocks  -  analogs 
of  core  SG-3)  before  (1,7)  and  after  tests  during  3  hours  in  thermo-baro-aparatus, 
under  hydrostatic  pressure  of  100  MPa  and  temperature:  1 00;  150;  200;  250°C 
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Fig.  2.  Print  images  of  open  microcracks  on  surface  of  amphibolite  (rocks  -  analogs 
of  core  SG-3)  before  (1)  and  after  tests  during  3  hours  in  thermo-baro-aparatus, 
under  temperature  200oC,  hydrostatic  pressure  100  MPa  and  deviator  pressures:  0 
(2);  45  (3);  90  (4);  120  (5)  MPa 

No  one  of  these  factors  acting  separately  affects  grain  boundaries,  neither  does  the 
combination  of  differential  stresses  and  high  temperature  over  the  range  investigated. 

At  the  same  time  worth  noting  is,  that  repeatable  circular  mechanical  stress  action 
leads  to  intergranular  water  penetrating  even  under  low  temperature.  This  was  provided  a  special 
test  series,  held  for  the  purpose  of  natural  ventilating  processes.  Samples  of  different  rock  types 
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passed  through  boiling  once  a  day,  with  following  freezing.  After  60  cycles  (days)  great  changes 
appeared  (reduce  of  Vp  and  Vs,  increase  of  wave  attenuation  and  porosity)  and  intergrainular 
cracking  formed  in  ultrabasic  and  basic  cores  (piroxenite,  gabbro,  amphibolite).  Acid  cores  (granite- 
gneiss,  granites)  have  not  changed.  It  is  important,  that  intergranular  cracks  grate,  formed  in 
piroxenite,  joined  primitive  sulphide  grains,  what  certifies  inherited  character  of  bounds  openning, 
by  which  before  using  the  same  mechanism  natural  hydrothermal  fluids  flowed  with  subsequent 
sulfides  production. 

Above  stated  data  allows  to  determine  condition  diapason,  in  which  crystalline  rocks  had  to 
be  permeable  in  relation  to  natural  and  technical  fluids. 

According  to  our  experimental  data  intergranular  destruction  development  because  of  voluntary 
penetration  of  water  along  grain  boundaries  must  start  by  the  temperature  over  100  C°.  This  was 
confirmed  during  SD-3  core  studies.  On  the  depth  of  7  -  12  km,  where  temperature  changes  from 
100  to  200°C,  intergrain  destruction  is  mostly  displayed  with  manifest  increase  with  depth 

Practical  use  of  the  given  results  is  possible  in  technological  processes,  connected  with 
disintegration  of  kimberlite  at  extraction  of  diamonds. 


Petrology  of  the  arc  peridotite  xenoliths: 
Implications  for  geochemical  evolution  of  the  wedge  mantle 

ABE,  NJ,  Arai.  S.2  and  Yurimoto,  H.1 


1.  Department  of  Earth  and  Planetary  Sciences.  Tokyo  Institute  of  Technology,  2-12-1  Ookayama.  Tokyo  152-8551, 
Japan. 

2.  Department  of  Earth  Sciences.  Kanazawa  University.  Kakuma,  Kanazawa  920-1 1.  Japan. 

The  mantle  xenoliths  from  the  arc,  where  is  convergent  plate  boundary,  are  less  reported  than  those 
from  other  settings,  i.e.  the  ocean  floor,  continental  region  and  oceanic  hotspots.  Especially  the 
mantle  xenoliths  carried  by  the  arc  magmas  in  a  narrow  sense  are  rare  on  the  earth  (e.g.,  Erlich  et 
al.,  1979;  Richard,  1986;  Ninomiya  and  Arai,  1992;  Abe  et  al.,  1992;  Abe,  1997)  .  Then  we  have 
poor  information,  especially  on  trace-element  geochemistry,  of  the  upper  mantle  processes  beneath 
the  arc.  It  is,  however,  very  important  to  consider  about  the  evolution  of  the  hole  earth  lithosphere. 
It  is  also  important  for  understanding  the  arc  magmatism  to  learn  the  constitution  of  the  wedge 
mantle  where  the  arc  magmas  are  produced. 

In  this  work,  the  sub-arc  peridotite  xenoliths  from  four  arcs.  Northeastern  and  Southwestern 
Japan,  Kuril-Kamchatka  and  Luzon-Taiwan  arcs,  are  examined  petrological ly  and  geochemically  in 
detail.  Their  textures  indicate  that  the  arc  peridotites  can  be  basically  classified  into  three  types,  fine¬ 
grained  slightly  deformed  equigranular  type  (Type  I),  deformed  and  recrystallized  coarse-grained 
equigranular  to  porphyroclastic  type  (Type  II)  and  relatively  deformed  and  recrystallized 
porphyroclastic  type  (Type  III).  This  classification  is  somewhat  different  from  the  standard  one  for 
the  mantle  xenoliths  from  other  tectonic  settings,  e.g.,  continental  and  oceanic  xenoliths  (Mercier 
and  Nicolas,  1975;  protogranular,  porphyroclastic  and  equigranular).  Mineral  chemistry  of  the  arc 
peridotites  for  major  elements  is  closely  correlated  with  their  texture  to  some  extent;  Type  I 
peridotite  is  fertile  with  low  Cr#  of  spinel  (<0.25 ),  Type  II  peridotite  is  more  refractory  with  high 
Cr#  of  spinel  (0.25-0.40)  than  Type  I. 

The  51  clinopyroxenes  in  peridotite  xenoliths  from  the  arcs  are  annualized  by  secondary  ion 
mass  spectrometer  (SIMS;  at  Tokyo  Institute  of  Technology),  and  compared  with  those  in  abyssal 
peridotites  (Johnson  et  al.,  1990)  and  the  peridotite  xenoliths  from  other  tectonic  settings,  such  as 
continental  regions  (e.g.,  Witt-Eickschen  and  Harte,  1994;  Blusztajn  and  Shimizu,  1994).  The  arc 
clinopyroxenes  are  clearly  different  from  those  in  peridotites  from  other  tectonic  settings  (Fig.  1). 
Geochemical  characteristics  of  the  sub-arc  mantle  clinopyroxenes  are  not  apparently  related  to  the 
degree  of  hydration,  and  are  rather  constant  irrespective  of  locality  and  other  characteristics.  The 
REE  patterns  vary  from  LREE-depleted  to  flat  or  slightly  LREE-enriched,  and  their  (Ce/Yb)N 
(subscript  N  =  chondrite-normalized)  varies  widely  from  0.04  to  4.0.  On  the  other  hand  the  Ti/Zr 
weight  ratio  is  rather  constant  in  the  whole  samples  examined,  around  100.  Clinopyroxenes  in  the 
arc  peridotite  xenoliths  are  intermediate  in  Ce  and  Sr  contents,  and  (Ce/Yb)jsi  and  Ti/Zr  ratios 
between  those  from  abyssal  peridotites  and  those  from  continental  areas  and  oceanic  hotspots. 
Furthermore  the  most  fertile  group  of  arc  peridotites  are  similar  in  the  clinopyroxene  chemistry  to 
the  most  fertile  group  of  abyssal  peridotites.  The  peridotite  xenoliths  from  Japan  and  other  arcs 
possibly  had  evolved  from  a  source  peridotite  common  to  abyssal  peridotite  through  a  different 
process.  The  geochemical  characteristics  of  arc  mantle  peridotites  had  been  established  by  kind  of 
partial  melting  promoted  by  influx  (so  called  influx  melting;  Ozawa  and  Shimizu,  1995)  from 
subducted  slab,  to  have  constant  chemical  characteristics  due  to  regional  mantle  wedge  process. 
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Fig.  1  Relationships  between  (a)  Ti  and  Zr  contents  and  (b)  Ti/Zr  weight  ratio  and 
(Ce/Yb)N  ratio  in  clinopyroxene  from  arc  mantle  peridotites.  The  trend  can  be  explained  by 
a  melt  extraction  process  combined  with  pollution  of  melt/fluid.  The  simple  melt  extraction 
trend  may  be  simulated  by  the  trend  of  abyssal  peridotites.  The  composition  of  influx  added 
may  be  similar  to  that  of  Si-rich  melt  inclusion  in  Batan  peridotite  xenoliths  (Schiano  et  al., 
1995)  or  of  melt/fluid  calculated  to  be  in  equilibrium  with  arc  peridotites  in  this  study. 
Primitive  mantle  is  after  Sun  (1982). 
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Problem  of  false  indicators  for  kimberlites  and  lamproites 
(on  the  example  of  chromites). 

Afanasiev,  V.P.,  Pokhilenko,  N.P.,  Logvinova,  A.M.,  Yefimova,  E.S. 

Institute  of  Mineralogy  and  Petrography,  Siberian  Branch  of  Russian  Academy  of  Sciences,  Novosibirsk,  630090, 
Russia 

In  1972,  a  great  deal  of  Cr-spinels  were  found  near  the  town  of  Mirny,  Western  Yakutia. 
Compositionally,  they  were  similar  to  kimberlitic  varietes  but  drastically  differed  from  them  in 
morphology.  Up  to  30%  of  these  spinellide  corresponded  in  composition  to  chromite  inclusions  in 
diamonds.  This  suggested  the  existence  of  unknown  bodies  with  an  unusual  morphological  variety  of 
Cr-spinels,  and  some  geologists  believe  that  these  bodies  are  diamondiferous  kimberlites.  Later  on, 
similar  Cr-spinels  were  found  in  placers  throughout  the  Yakutian  diamondiferous  province,  in  the 
Arkhangelsk  Region,  in  many  places  beyond  Russia,  and  on  other  continents.  Nevertheless,  none  of 
the  kimberlite  sources  of  these  Cr-spinels  has  been  found  yet.  In  all  the  known  kimberlites  and 
lamproites  Cr-spinels  are  of  different  morphology.  The  challenge  was  to  establish  the  type  of  sources 
of  the  new  variety  of  Cr-spinels.  The  crystalline  inclusions  present  in  these  Cr-spinels  are  olivine, 
Opx,  Cpx,  mica,  amphibole,  and  plagioclase.  Investigations  in  this  direction  permitted  us  to 
demonstrate  that  in  morphology  they  are  completely  analogous  to  and  in  composition  overlaps  the 
Cr-spinels  from  ultrabasic  intrusions  of  the  type  of  Kempirsai,  Chad,  Konder,  and  many  other  plutons 
(see  Table).  This  suggests  that  the  new  variety  of  Cr-spinels  originated  from  intrusions  of  ultrabasic 
rocks.  These  intrusions  are  not  diamondiferous,  but  close  compositions  of  their  Cr-spinels  with  those 
from  kimberlites  and  lamproites  (with  morphology  ignored)  are  misleading  in  exploration  for 
diamonds.  Geologists  used  these  Cr-spinels  as  indicators  of  kimberlites  or  lamproites  and,  to  follow 
them,  pursue  diamonds  with  no  result.  Therefore,  in  exploration  for  kimberlites  and  lamproites  the 
ultrabasic  Cr-spinels  may  play  the  role  of  false  indicators. 

Each  ultrabasic  intrusion  contains  Cr-spinels  of  specific  composition,  but  these  compositions  overlap 
with  kimberlitic  (lamproitic)  varieties.  Therefore,  the  main  difference  between  two  types  of  Cr- 
spinels  mantle-derived  type  from  kimberlites  (lamproites)  and  crust-derived  type  from  ultrabasic 
intrusions  lies  in  morphology.  Differences  in  morphology  are,  probably,  due  to  differences  in 
processes  of  crystallization:  under  conditions  of  the  upper  mantle  for  the  first  type  and  under 
conditions  of  the  crust,  for  the  second.  The  Cr-spinels  from  intrusions  of  ultrabasic  rocks  are 
significantly  more  widespread  in  sedimentary  collectors  than  the  Cr-spinels  from  kimberlites  and 
lamproites.  Therefore,  the  problem  of  false  indicators  has  come  into  importance  in  searching  for 
diamonds.  On  the  basis  of  chemical  composition  only,  one  cannot  always  discriminate  between  the 
"mantle"  and  the  "crustal"  Cr-spinels,  but  the  additional  study  of  morphology  permits  them  to  be 
discriminated  in  a  reliable  way. 
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Comparative  characteristics  of  chemical  composition  ’’crustal”  and  ’’mantle”  chromites. 


Preliminary  age  determination  of  recently  discovered  kimberlites  of  the 
Siberian  kimberlite  province. 

A.M^gashev1*3.,  Fomin  A.S2  -Watanabe  T3.,  and  Pokhilenko  N.P.1 

1)  Institute  of  Mineralogy  and  Petrography  SB  RAS,  630090  Universitetsky  pr3,  Novosibirsk,  Russia. 

2)  Botuobinskaya  enterprise  of  the  ALROSA  com.  3)Department  of  Earth  and  Planetary  sciences, 
Hokkaido  University,  Sapporo  ,  Japan. 

The  recently  discovered  Sredne-Marxa  kimberlite  field  of  the  Siberian  kimberlite 
province  is  located  approximately  300  km  on  the  North-East  from  the  well-known  Mir 
pipe  (Malo-Botuobia  field).  Pipes  Botuobinskaya  and  Nurbinskaya  are  located  in  this 
field  and  are  the  subject  of  this  study.  Both  pipes  are  covered  by  the  80-30  meters  of 
Jurassic  sedimentary  rock  and  therefore  only  drill  core  material  is  available.  Kimberlite 
beginning  from  depth  of  more  than  130  meters,  is  represented  by  a  little  altered  kimberlite 
breccia  with  abundant  xenogenic  material.  Investigation  of  heavy  minerals  indicate  that, 
the  perovskite  SHRIMP  dating  is  problematical  because  of  most  of  the  ore  minerals  in 
this  pipes  are  chromites,  ilmenite  and  perovskite  are  very  rare. 

The  samples  contain  a  fresh,  brown  to  variably  altered  phlogopite  macrocrysts  and 
fresh  phlogopite  grains  were  selected  and  used  for  age  determination  by  the  Rb-Sr 
isochron  method.  The  leaching  procedure  of  phlologopite  fractions  was  performed 
following  the  method  described  by  Brown  et  al.(1989).  For  the  WR  Sr  -Nd  isotope  and 
chemical  analysis  kimberlite  samples  were  crushed  up  to  2-3  mm  and  nearly  primary 
kimberlite  fractions  without  visible  xenogenic  material  were  selected. 

Results: 

The  three  acid  leached  phlogopite  fractions  of  the  Botuobinskaya  kimberlite  show 
variable  87Rb/86Sr  ratios  ranging  from  17.3  to  65  and  87Sr/86Sr  ratios  0.798204-1.03861 
reflecting  the  uncompleted  removal  of  a  carbonate  component  during  the  leaching. 
Therefore  the  isochrone  should  be  considered  as  a  two-component  mixing  line  that  was 
pointed  out  by  Brown  et  al.,  (1989)  and  Hegner  et  al.,  (1995),  but  that  lines  commonly 
yield  reliable  age  determination.  The  three  phlogopite+whole  rock  isochron  give  an  age  of 
364-i-9Ma  (MSWD=9)  for  the  Botuobinskaia  pipe  with  an  initial  Sr  isotope  ratio  of 
0.7061 1+-25.  This  age  are  correlated  to  main  diamondiferous  kimberlite  emplacement 
event  (  353-367  Ma)  as  was  shown  by  SHRIMP  perovskite  age  determination  of  several 
kimberlite  bodies  from  Daldino-Alakite  kimberlite  fields,  (  Kinny  et  al.,  1997).  From  the 
Nurbinskya  pipe  sample  only  one  phlogopite  fraction  was  separated  and  two  point 
isochron  including  WR  sample  yield  on  age  of  332  Ma  with  an  initial  ratio  of  0.70596. 
This  age  result  is  younger  than  mentioned  above  emplacement  event  and  will  be  verified 
soon  by  analysis  of  more  deeply  drill  core  material  that  became  available  now. 

The  geochemical  peculiarity  of  this  pipes  is  a  low  Ti02  content  (0.6-0. 3  wt%)  and 
low  Ti02/K20  (0.8-0.4)  and  Nb/Zr  (0.37-0.32)  ratios  in  comparison  with  other 
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kimberlites.  This  signature  can  be  either  an  evidence  of  crustal  contamination  or  just 
reflect  the  rare  occurrence  of  perovskite  and  ilmenite  which  are  the  main  host  of  Ti  and 
Nb  in  kimberlites.  On  the  other  hand  the  Ni/MgO  ratios  (38-44)  are  usual  for  kimberlites 
Grl. 

The  143Nd/144Nd  isotope  ratios  of  the  WR  samples  are  nearly  the  same  being  of 
0.512511  and  0.512491  for  Botuobinskaya  and  Nurbinskaya  pipes  respectively.  Their 
147Sm/144Nd  ratios  (0.125-0.122)  are  higner  then  of  other  Devonian  age  Siberian 
kimberlites  (Agashev  et  al.,  submitted)  as  well  as  kimberlites  world  wide  and 
consequently  their  eNd  CHUR  values  at  the  time  of  emplacement  show  a  very  little 
depleted  source  composition  (0.85-0.28). 

References: 

Brown  R.W.,  Allsopp  H.L.,  Bristow  J.W.  and  Smith  G.B.  1989.  Improved  precision  of  Rb-Sr  dating  of 
kimberlitic  micas:  An  assessment  of  a  leaching  technique..  Chemical  Geol.  v79,  ppl25-136. 

Hegner  E.,  Roddick  J.C.,  Fortier  S.M.  and  Hulbert  L.(1995).  Nd,  Sr,Pb,Ar,  and  O  isotopic  systematics 
of  Sturgeon  Lake  kimberlite,  Saskathawan,  Canada.  Contrib  mineral  Petrol  120,212-222 
Kinny  P.D.,  Griffin  B.J.,  Heaman  L.M.,  Brakhfogel  F.F.  and  Spetsius  Z.V.  (1997).  SHRIMP  U-Pb  ages 
of  perovskite  from  Yakutian  kimberlites.  Russian  Geol.  Geoph.,  Proc.  of  6IKC.,  vl.,  91-99. 

Agashev  A.M.,  Orihashi  Y.,  Watanabe  T.,  Pokhilenko  N.P.  and  Serenko  V.P.  Sr-Nd  isotope  and  trace 
elements  geochemistry  of  Siberian  kimberlites.  Submitted  to  Russian  Geology  and  Geophysics,  1997. 
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Sr-Nd  isotopes  in  the  garnet-pyroxenite  xenoliths  from 
Siberian  kimberlites:  a  new  insight  into  lithospheric  mantle. 

A.M.Agashev1’2.,  Watanabe  T2.,  Kuligin  S.S1,  Pokhilenko  N.P.1  and  Orihashi  Y2 

1)  Institute  of  Mineralogy  and  Petrography  SB  RAS,  630090  Universitetsky  pr3,  Novosibirsk,  Russia. 

2) Department  of  Earth  and  Planetary  sciences,  Hokkaido  University,  Sapporo  ,  Japan. 

Garnet  pyroxenite  is  a  rare  kind  of  mantle  xenoliths  in  kimberlites  and  they  have 
not  been  well  characterized  geochemically  in  comparison  with  peridotite  and  eclogite 
suites.  A  set  of  seven  garnet  pyroxenite  xenoliths  from  the  Udachnaia  (6)  and  Mir(l) 
kimberlite  pipes  have  been  studied  on  the  major  element  and  Sr-Nd  isotope  composition 
of  their  minerals.  Five  of  them  are  garnet  websterites  and  the  next  two  are  gamet- 
clinopyroxenites. 

Our  gamet-websterites  contain  18-40  modal  %  of  Opx  and  are  composed  by 
garnet  of  35-  50%  and  two  pyroxenes  in  variable  amounts.  On  the  basis  of  chemical 
composition  of  minerals  this  websterite  suite  can  be  divided  into  two  groups.  The  first 
group  include  3  samples  which  have  magnesian  garnets  ( 16.8-2 1.24Wt%  MgO)  and  high 
MgO/Na20  ratios  comparable  to  eclogites  grA  of  Taylor  and  Neal  (1989)  classification. 
The  next  2  samples  have  a  high  FeO  content  in  Gar  (19.26-23. 11 Wt%)  and  Cpx 
composition  that  plot  in  the  field  of  grB  eclogites.  Further  on  the  text  the  names  a  grA  and 
grB  websterites  will  be  used.  The  gamet-clinopyroxenites  are  composed  of  purple  garnet 
and  emerald  green  Cr-diopside  in  proportion  of  30%/70%  for  both.  Sample  yv/m89 
modally  metasomatised  contain  about  2%  of  phlogopite.  They  have  a  minerals  signatures 
in  color  and  chemistry  that  rather  similar  to  peridotite  than  the  eclogite  suite.  Their  garnets 
contain  Cr203  as  much  as  2.9-3.T  Wt%.  The  P-T  equilibrium  condition  are  19-23Kbar, 
790-830C0  for  the  grB  websterites  and  25-46Kbar,  760-1060  for  grA  respectively.  For 
the  clinopyroxenites  only  temperature  was  estimated  (910-1002  C°)  at  assumed  pressure 
of  25Kbar. 

The  concentration  of  Sm  and  Nd  in  the  websterite  clinopyroxenes  of  1.23- 
11.15ppm  and  16.7-77ppm  respectively,  significantly  exceed  that  of  mantle  eclogites 
(Snyder  et  al,  1997)  as  well  as  peridotites  (Pearson  et  al,1995),  but  comparable  to  grA 
eclogites  from  Bellsbank  (Neal  et  al.,  1990)  and  gr2  eclogites  from  the  Orapa  kimberlite 
(Viljoen  at  al.,  1996).  Measured  Nd  isotope  ratio  range  between  0.51518-0.51697  for 
garnet  and  0.51097-0.51221  for  Cpx  respectively.  The  Sr  isotope  ratios  of  minerals  are 
different  among  the  groups  being  slightly  radiogenic  for  grB  0.70485-0.70591,  depleted 
for  grA  and  clinopyroxenites  0.70272-0.70338  at  the  time  of  kimberlite  emplacement 
(367Ma,  Kinny  et  al.,  1997).  The  Sm-Nd  isotope  system  in  the  all  xenoliths  give  a  two 
point  (Gar-Cpx)  apparent  isochron  ages  considerably  older  than  emplacement  of  the  host 
kimberlite  (Tab.l).  Two  compositionally  similar  and  low  pressure  grB  xenolith  show  a 
Middle  Proterozoic  age  1465-1550  Ma.  The  xenolith  from  the  Mir  pipe  give  a  1227  Ma 


age  and  two  samples  give  a  Later  proterozoic  age  641-616Ma.  The  phlogopite  bearing 
garnet  clinopyroxenite  sample  give  an  youngest  age,  582Ma. 

Table  1.  Apparent  isochron  age  and  143Nd/144Nd  initial  ratios  of  garnet  pyroxenites. 


Sample 

Isochron  age  Ma  | 

Initial  ratio 

yv21/91  G.Webster. 

1550 

0.510191 

yv403  - 

1465 

0.51014 

m  153/72  - 

1223 

0.510623 

yv  22/91- 

642 

0.511924 

yv  143/86 

616 

0.512123 

yv/m89  G.Clinopyr. 

582 

0.510958 

Gunter  and  Jagoutz  (1997)  demonstrated  the  correlation  between  total 
concentration  Sm  and  Nd  in  Gar  and  Cpx  and  apparent  Gar-Cpx  isoxron  age  in  the  low- 
temperature  garnet  peridotites.  In  our  case  it  tend  to  be  correlated  but  not  clear.  On  the 
other  side  the  higher  temperature  samples  show  a  lower  apparent  ages  therefore  we  agree 
with  the  Gunter  and  Jagoutz  (1997)  proposal  that  the  closure  temperature  of  Cpx  of 
around  860C°  is  reasonable.  Also  exist  a  strong  correlation  between  AI2O3  content  in 
Opx  with  isochron  age. 

The  Nd  isotope  system  in  garnet  pyroxenites  recorded  a  complicated  history  of 
Siberian  cratonic  mantle.  On  the  diagram  of  initial  ratio  versus  age  (fig.l),  the  Middle 
Proterozoic  websterite  xenolith  plot  below  the  primitive  mantle  and  fall  to  evolution  line 
of  Daldin  series  granulites  from  the  Anabar  shield  (Spiridonov  et  al,  1994).  On  the  base 
of  isotope  composition  of  this  xenolith  (  eNd,  -10  at  1.5Ga)  we  propose  their  origin  from 
the  enriched  source  and  their  protolith  can  be  a  recycled  continental  crust  material.  Their 
1.5Ga  isochron  age  probably  reflects  phase  transformation  and  reequilibrium  of  this 
material  under  the  mantle  condition.  Two  Later  Proterozoic  Age  xenolith  plot  between 
CHUR  and  depleted  mantle  evolution  lines.  It  seems  more  likely  that  they  originated  as  a 
cumulates  from  a  melt  with  the  depleted  isotope  signatures  and  low  Sm/Nd  ratio  that 
comparable  to  kimberlite  grl.  Phlogopite  bearing  clinopyroxenite  show  a  evidence  of 
ancient  LREE  enrichment  and  have  the  CHUR  Nd  model  age  of  Cpx  is  1.853Ga.  The  Sr- 
Nd  composition  of  Cpx  from  other  clinopyroxenite  suggest  derivation  from  a  depleted 
part  of  lithospheric  mantle,  8Nd=  +5  at  the  time  of  kimberlite  emplacement. 
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Fig  1.  Initial  143Nd/144Nd  ratio  vs  isochron  age  diagram  for 
garnet  pyroxenite  xenoliths  from  Siberian  kimberlites.  Evolution 
of  Daldyn  series  granulites  shown  as  dashed  lines. 
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Paragenetic  analysis  of  the  upper  mantle  minerals  from  the  heavy  mineral 
concentrates  of  kimberlites  based  on  an  original  statistic  method. 


Ananiev,  V.A.,  Kuligin,  S.S.,  Reimers,  L.F.,  and  Khlestov,  V.V. 

Institute  of  Mineralogy  and  Petrography  of  Siberian  Branch  of  Russian  Academy  of  Science,  Novosibirsk,  Russia. 

At  present  the  majority  of  researchers  suppose,  that  mineral  parageneses  should  form  the  basis  of 
classification  of  the  mantle  rocks.  In  this  case,  the  peculiarities  of  chemical  composition  of  the  rock¬ 
forming  minerals  are  the  basic  criteria  of  similarity  of  these  rocks.  The  main  aim  of  the  proposed 
work  is  to  find  out  the  similarities  or  distinctions  of  deep-seated  minerals  from  various  parageneses 
by  methods  of  mathematical  statistics  when  solving  the  classification  problems  considering  both  the 
compositions  of  individual  minerals  and  their  paragenetic  ratios  in  the  typical  polymineral 
associations. 

The  xenoliths  of  Udachnaya  pipe  are  chosen  as  an  object  of  exploration.  Practically  all  types  and 
varieties  of  mantle  rocks  are  described  among  them  (Ukhanov  et  al.,  1988).  There  are  also  a  series  of 
varieties,  found  only  in  this  kimberlite  body.  The  data  base  on  chemical  composition  of  the  main 
rock-forming  minerals  of  mantle  xenoliths  from  kimberlites  (about  2000  samples),  which  includes  the 
data  on  ortho-  and  clinopyroxene,  garnet,  olivine,  chrome-spinellid  and  ilmenite  has  been  created.  In 
terms  of  mineralogy  of  lherzolites  and  eclogites,  both  literature  data  (Sobolev,  1974;  Ukhanov  et  al., 
1988;  Spetsius,  Serenko,  1990;  Solov'eva  et  al.,  1994)  and  a  great  number  of  our  new  materials  were 
used. 

To  divide  the  obtained  sampling  into  certain  valuable  groups  with  the  significant  variations  in  their 
parameters,  a  computer  program  allowing  us  to  analyze  the  structures  of  multidimensional 
distribution  with  separation  of  clusters  (concentration  of  points)  on  the  chosen  factor  projections  or 
in  the  multidimensional  space  of  signs  has  been  used.  This  program  gives  a  possibility  to  solve  the 
problems  of  similarity  distinction  for  multidimensional  massifs,  with  the  help  of  the  most  significant 
criteria,  which  use  the  comparison  of  distributions  for  the  discriminant  function,  calculated  according 
to  the  formulated  couple  of  groups.  The  present  program  is  performed  on  the  base  of  special 
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algorithm.  Thus,  an  approximation  of  multidimensional  distribution  by  Rosenblat-Parzen  method 
followed  by  the  extraction  of  the  zone  of  every  mode  of  the  obtained  distribution  as  an  independent 
cluster,  forms  the  basis  of  factor,  cluster,  regressive  and  discriminant  procedures.  In  this  case,  a 
metrics  of  multidimensional  space  of  describing  signs  (i.e.  their  scale)  is  transformed  to  minimize  the 
entropy  of  approximated  distribution  within  such  linear  transformations  of  coordinates,  which 
provide  the  invariability  of  the  value  for  all  hypervolumes.  The  use  of  entropy  as  a  criteria  when 
choosing  the  metrics,  eliminates  the  problem  of  scale  correlations  for  the  values  of  different  type  (for 
example,  such  as  dimensions,  masses,  frequencies,  etc.),  giving,  in  fact,  the  dimensionless  type  of  the 
table.  In  this  transformed  space  the  factor  axes  are  defined  according  to  the  method  of  main 
components  and  have  nonparametric  dimensions,  and  clustering  is  performed  by  stages:  first,  the 
zone  of  every  distribution  mode  is  isolated  as  an  individual  cluster,  and  then  the  clusters,  separated 
by  the  shallow  "saddles"  are  united. 

Some  results  of  the  cluster  analysis,  obtained  with  the  help  of  the  program,  described  earlier,  are 
illustrated  in  the  Figure  1 .  The  application  of  the  created  method  for  the  division  of  the  sampling  of 
chemically  similar  garnets  from  eclogites  of  different  types,  including  the  diamondiferous  ones, 
eclogite-like  rocks  and  pyroxenites  is  shown.  In  this  case,  the  most  part  of  data  (about  70%)  divided 
into  practically  "pure"  classes,  corresponding  to  the  eclogite-like  rocks,  aluminiferous  eclogites, 
diamondiferous  eclogites  and  three  types  of  pyroxenites. 
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In  Figure  2,  the  garnets  are  subdivided  into  certain  samplings  according  to  their  paragenesis  and  the 
comparative  analysis  is  performed.  Presented  projection  shows  the  major  distinction  of  garnets, 
according  to  their  parageneses.  In  either  case  the  coordinate  axes  correspond  to  the  certain  linear 
combinations  of  mineral  components. 

The  performed  calculations  allowed  to  form  an  expert  system  to  solve  the  problems  of 
similarity/distinction  of  deepseated  minerals,  comparing  observation  multi-dimensional  data  with 
standard  polygenetic  groups  of  minerals,  according  to  the  following  scheme.  Every  standard  Q  is  a 
representative  empirical  sampling  from  N...K-  dimensional  quantitative  data  (with  N  -  K2  >  100 ),  for 
which  the  statistical  evaluations  with  the  error  not  exceeding  1%  are  possible.  The  functions  of  fq(x) 
distributions,  the  relative  Wq  statistic  weights,  proportional  to  the  frequency  of  occurring  of  objects 
of  particular  type  (there  and  further  q=l,2,..,Q;  and  x-  K-dimensional  observation  vector)  are  known 
for  every  standard.  Thus  Q  values  for  fq(x*),  and  corresponding  Q  "features"  Tq(x*),  characterizing 
the  integral  probability  of  observations  with  f(x)<  f(x*),  may  both  be  calculated  for  any  new  concrete 
observation  x*.Then,  for  the  sample  with  x  =  x*,  the  probabilities  of  its  reference  to  one  or  another 
standard  class  are  related  as  the  WqTq(x*)  values,  which  can  be  calculated.  But  if  every  xq(  x*)  is 
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below  any  certain  minimum  critical  level  (which  is  0.01  or  another  chosen  limit),  then  the  sample 
doesn't  correspond  any  of  the  standards.  This  scheme  provides  correct  probable  estimations  in  all 
cases  regardless  of  the  number  of  standards,  including  the  examples  with  partial  overlapping  of 
multidimensional  standard  areas,  and  at  any  form  of  isolating  borders,  when  the  application  of  the 
traditional  linear  procedures  of  factor  or  discriminant  analysis  gives  no  effect. 

Thus,  the  performed  explorations  allow  to  solve  the  classificational  and,  as  follows,  the  genetic 
problems  of  the  deep-seated  xenoliths  of  kimberlites  statistically  correctly  on  the  basis  of  peculiarities 
of  chemical  composition  of  rock-forming  minerals,  and  also  to  perform  the  calibration  of  the  most 
wide-spread  minerals  of  kimberlite  concentrate,  according  to  their  paragenesis.  As  an  example  the 
minerals  from  Udachnaya  kimberlite  pipe  concentrate  (over  300  samples)  have  been  used  to  clarify 
their  paragenesis  by  specially  adapted  computer  program. 
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Recent  experimental  studies  (Edgar  and  Vukadinovic,  1993;  Schmidt,  1996;  Harlow,  1997) 
converge  to  demonstrate  that  K  can  reside  in  the  cpx  structure  at  high-pressures  (4-14  GPa).  To 
investigate  the  role  of  K-rich  cpx  in  controlling  the  alkali,  Sr,  Ba,  Nd  and  Pb  contents  in  upper 
mantle,  these  elements  were  determined  with  REE,  Th  and  U  on  specimens  from  two  reported 
geological  occurrences:  K-rich  diopsides  from  the  ultra-high  pressure  (UHP)  Kokchetav  Massif  and 
K-rich  omphacites  inclusions  from  the  Argyle  lamproitic  diamonds.  The  Laserprobe  ICP-MS  was 
used  to  achieve  in-situ  microanalyses  on  these  cpx  which  generally  occur  as  tiny  inclusions  in  other 
UHP  mineral  phases  or  as  remnants  within  retrograde  parageneses. 

All  Kokchetav  K-rich  cpx  correspond  to  high  MgO  diopsides  with  low  jadeite  and  Ti-Cr  contents. 
Those  found  in  the  matrix  range  from  0.2-0. 6  K2O  wt.%.  They  often  show  regular,  tiny  (1-5  pm)  to 
large  (0.7- 1mm  width),  K-feldspar  lamellae  that  testify  of  reequilibration  during  decompression. 
The  K-rich  cpx  from  garnet  clinopyroxenites  have  unusually  high,  crustal-like,  Cs  (0.8-2. 3  ppm), 
Rb  (1-25  ppm),  and  Pb  (1-17  ppm)  concentrations  (Fig.  1),  but  normal  Ba  and  light  rare-earth 
contents,  in  comparison  to  K-poor  lithospheric  mantle  diopsides.  In  contrast,  their  Sr  content  is 
rather  low  :  2-54  ppm.  They  display  unwonted  Rb/Cs,  Ba/Rb  and  Ce/Pb,  all  much  lower  than  the 
uniform  values  of  upper  continental  crust  material  (Fig.  1)  and  K/Rb  (>500)  higher  than  crustal 
value  (K/Rb=250-290).  K-rich  cpx  from  pyroxene-dolomite  rocks  also  incorporate  geochemical 
anomalies  (Ba/Rb<1.5;  K/Rb>4000;  Ce/Pb<4),  but  lower  Rb  enrichment,  and  undetectable  Cs 
contents.  In  contrast,  the  K-rich  diopside  inclusions  within  garnets  are  free  of  any  visible 
exsolutions  at  the  resolution  of  the  back-scattered  electron  imagery.  Their  K20  content  is  either 
homogeneous  (but  extremely  variable  from  one  inclusion  to  another:  0.4-1. 3  wt.%)  or  decreasing 
from  core  (1.1  wt.%)  to  rim  (0.4  wt.%).  Their  high  K  content  is  coupled  to  very  high  Rb  and  Cs 
abundances  (Fig.  1). 

The  analyzed  Argyle  omphacite  compare  closely  to  the  Kokchetav  diopsides  by  their  Ba-Zr 
depletions  as  well  as  their  Rb,  Cs,  Pb  enrichments  approaching  the  crustal  abundances.  They  just 
differ  by  their  much  higher  Sr  concentrations.  All  K/Rb,  Rb/Cs,  Ba/Rb  and  Ce/Pb  are  different  from 
those  expected  for  Mid  Ocean  Ridge  Basalts  (MORB)  (Fig.l),  but  the  Rb,  Cs  data  recall  those  of 
South  African  diamondiferous  eclogitic  cpx. 

Our  study  indicates  that  both  diopsidic  and  omphacitic  K-rich  cpx  accommodate  crustal-like 
amounts  of  Rb,  Cs  and  Pb  under  some  peculiar  geological  conditions  that  also  favor  unusual  alkali- 
Pb  redistributions.  The  K-rich  fluids  continuously  released  from  subducted  rocks  from  2GPa  to 
9GPa  are  the  most  appropriate  vectors  to  efficiently  mobilize  those  elements.  Fluids  related  to  the 
2GPa-dehydration  of  a  subducted  oceanic  crust  could  however  be  ruled  out  because  the  element 
mobility  in  those  fluids  would  generate  low  Pb/Sr  and  high  Ba/Rb  in  the  residual  cpx,  just  the 
opposite  of  what  is  observed.  The  outstanding  restriction  of  K-rich  cpx  to  diamond-bearing 
lithologies  implies  a  growth  from  fluids  with  high  K  and  C  activities.  Phengite  breakdown  in  a 
Kokchetav-like  carbonate-rich  environment  is  thus  inferred  as  a  potential  mechanism  to  imprint  the 
alkali-Pb  signature  on  both  K-rich  diopside  and  omphacite.  In  the  Kokchetav  Massif,  UHP  phengite 
is  absent  from  rock  matrix  but  has  been  often  recognized  as  inclusions  in  garnet,  sometimes 


coexisting  with  K-rich  diopside.  This  demonstrates  that  phengite  and  K-rich  diopside  were  stable 
together,  at  some  stage  during  the  prograde  UHP  metamorphism,  in  agreement  with  experimental 
results  (Schmidt,  1996).  During  progressive  heating,  phengite  should  melt  at  around  800°C  (at 
4GPa)  and  900°C  (at  6GPa)  (Schmidt,  1996),  with  K-rich  cpx  and  dolomite  probably  remaining 
behind  as  refractory  phases.  This  should  make  phengite-derived  major  (K)  and  trace  (Rb-Cs-Ba-Pb) 
elements  available  for  repartition  between  dolomite  (Ba,  Pb),  K-rich  cpx  (Rb,  Cs,  Pb)  and  a  fluid 
enriched  in  K-Rb-Cs-Pb.  This  scenario  is  consistent  with  the  dolomite  geochemical  features  (Fig. 
1),  especially  their  high  Ba/Rb  values  which  appear  complementary  to  those  of  K-cpx  in  terms  of 
crustal  balance. 

Under  UHP  conditions  (>6.5  GPa),  most  continentally  derived  materials  are  probably  dense  enough 
to  penetrate  the  upper  mantle  with  eclogites  (Irifune  et  al.,  1994).  Subduction  of  UHP  K-cpx-rich 
rocks  (such  as  the  Kokchetav  garnet  clinopyroxenites  made  up  of  70-80  vol.%  of  cpx)  is  therefore 
proposed  as  an  ideal  mechanism  to  recycle  supracrustal  K,  Rb,  Cs,  Pb,  Sr,  and  Nd  to  the  mantle. 
However,  the  narrow  range  of  Rb/Cs,  Ba/Rb,  Ce/Pb  values  in  oceanic  basalts  (Fig.  1)  precludes  any 
large  contamination  of  ordinary  mantle  by  subducted  K-cpx-rich  materials.  Owing  to  their  low 
Rb/Cs,  K-cpx  from  diamondiferous  eclogites,  Argyle  diamonds,  and  UHP  metasediments  appear 
complementary  to  MORB-OIB  mantle  sources  with  respect  to  the  chondritic  value.  They  could  thus 
help  to  close  the  global  balance  of  those  elements  with  the  lithospheric  mantle,  the  depleted  mantle, 
and  the  continental  crust.  A  similar  conclusion  could  be  reached  for  Ce/Pb  in  terms  of  the  bulk 
silicate  earth  stock  of  Ce  and  Pb.  Our  dataset  is  thus  consistent  with  the  existence  of  one  or  several, 
old  (at  least  Proterozoic  according  to  the  Argyle  specimens)  concealed  diamondiferous- 
metasedimentary-eclogitic  (DIME)  mantle  reservoirs  in  addition  to  the  depleted  mantle  and  the 
continental  crust.  This  emphasizes  storage  of  “MORB-OIB”  and  “DIME”  reservoirs  in  two 
essentially  unmixed  regions  from  the  mantle. 

Our  results  support  the  idea  of  occasional  exchanges  between  “MORB-OIB”  and  “DIME” 
reservoirs  as  an  explanation  for  the  OIB  isotopic  features.  K-cpx  have  Rb/Sr  1-20  fold  higher  than 
the  primitive  mantle  values  (0.03),  but  U/Pb-Th/Pb  100  times  lower  than  the  mantle  ratios  (0.114 
and  0.46).  Little  admixture  of  a  K-cpx-rich  component  to  a  ”MORB”  source  would  therefore 
destroy  the  magmatic  derived  correlation  between  these  ratios,  with  the  capacity  of  causing  the  well- 
known  lack  of  correlation  for  Sr-Pb  isotopes  in  OIB.  The  Kokchetav  K-cpx-rich  rocks  display 
radiogenic  Sr  and  Pb  signatures  (87Sr/86Sr:  0.78-0.79;  208Pb/204Pb:  41.8-44.4)  and  unradiogenic  Nd 
compositions  (143Nd/144Nd:0.51 1 10-0.51238).  Owing  to  their  very  low  Sr  contents,  if  they  were 
recycled  in  limited  amounts  (1  to  5  wt.%)  within  a  depleted  mantle  source,  they  would  produce  a 
source  with  HJMU-like  Sr-Nd-Pb  isotopic  features  (Fig.2).  However,  there  is  no  Kokchetav 
mixtures  with  a  depleted  mantle  that  could  fit  the  EM1-EM2  Pb  isotopic  characteristics  (Fig.  2b). 
Proterozoic  or  Archean  analogs  might  do,  if  they  have  remained  isolated  for  a  long  time  in  a  DIME 
reservoir  to  evolve  a  sufficiently  retarded  radiogenic  Pb  growth  compared  to  the  depleted  mantle. 
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Figure  1  (a)  Rb/Cs  vs.  Rb  and  (b)  Ba/Rb  vs.  Ba  for  the  overall  Laserprobe  ICP-MS  database  on  K- 
rich  cpx:  Argyle  (square  with  white  crosses),  Kokchetav  garnet  clinopyroxenites  (matrix:  black 
circles;  inclusion:  grey  circles)  and  pyroxene-dolomite  rocks  (black  triangles)  compared  to  fields  for 
MORB-OIB  and  upper  continental  crust  (U.C.C.)  reservoirs  and  cpx  data  from  lithospheric  mantle 
(lherzolites  and  clinopyroxenites),  and  from  Siberian  and  South  African  diamondiferous  eclogites. 
The  primitive  mantle  (PM)  and  chondrites  values  (Ch.)  are  shown  for  reference.  The  open  triangles 
display  the  compositions  of  Kokchetav  dolomites. 


Figure  2  (a)  Nd-Sr  and  (b)  Sr-Pb  isotopic  admixture  models  between  a  depleted  mantle  (DM) 
source  and  Kokchetav  clinopyroxenites  (black  squares).  The  small  black  triangles  on  the  mixing 
curves  indicate  the  wt%  of  Kokchetav  samples  in  the  mixture.  The  open  circles  illustrate  the 
location  of  the  four  main  mantle  isotopic  end-members. 


Mantle  xenoliths  from  the  Jetty  Peninsula  area  (East  Antarctica): 
samples  of  thermally  eroding  lithosphere  on  the  flanks  of  the 
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The  Lambert-Amery  rift  is  the  principal  tectonic  feature  in  East  Antarctica,  forming  a  significant  recess 
in  the  coastline  between  65°  and  75°E,  and  is  occupied  to  a  large  extent  by  the  Lambert  Glacier  and 
Amery  Ice  Shelf.  It  is  flanked  by  mid-Proterozoic  amphibolite-  to  granulite  facies  rocks  (known  as  the 
Rayner  Complex;  Sheraton  et  al.,  1980)  forming  the  northern  Prince  Charles  Mountains  on  the 
western  side  of  the  rift.  Archean  basement  is  found  adjacent  to  the  rift  in  the  continental  interior 
(southern  Prince  Charles  Mountains;  Tingey,  1982)  and  further  from  the  rift  in  Enderby  Land  to  the 
west  and  in  the  Vestfold  Hills  to  the  east. 

Magmatic  activity  associated  with  the  rift  occurred  episodically  over  a  prolonged  period  from  460  to 
40  Ma  (Andronikov  et  al.,  1998).  Mande  peridotite  xenoliths  occur  in  ultramafic  alkaline  dykes  and 
stocks  of  Jurassic  age  in  the  Jetty  Peninsula  area  at  the  northwestern  margin  of  the  rift  close  to  the 
Amery  Ice  Shelf,  and  in  trachybasaltic  volcanics  of  the  Manning  Massif  in  the  northern  Prince  Charles 
Mountains.  The  present  study  concerns  xenoliths  from  two  intrusive  bodies  from  the  Jetty  Peninsula 
area. 

The  following  three  main  groups  of  peridotite  xenoliths  can  be  identified  on  the  basis  of  mineral 
composition  and  textures. 

1)  Homogeneous  spinel  lherzolites  (HSL)  are  characterised  by  homogeneous  mineral  compositions 
and  lack  any  pronounced  textural  indication  of  reaction  between  mineral  phases  or  with  any  infiltrating 
melt  or  fluid. 

2)  Inhomogeneous  spinel  lherzolites  (ISL)  contain  recrystallised  mineral  rims  which  differ  in  major 
element  composition  from  the  cores.  These  features  are  interpreted  to  indicate  reaction  with  an 
infiltrating  melt. 

3)  Inhomogeneous  garnet-spinel  lherzolites  (IGSL)  show  the  texural  characteristics  of  the  ISL,  but 
additionally  contain  garnet.  Spinel  is  relatively  rare  in  this  group,  and  the  garnet  is  commonly  replaced 
by  kelyphite  rims  to  a  large  extent. 

All  groups  contain  very  litde  in  the  way  of  accessory  phases,  of  which  the  most  common  is 
amphibole.  Silicate  glass  is  found  in  some  samples,  and  is  believed  to  partly  represent  migrating  melt 
that  existed  within  the  rocks  prior  to  sampling  by  the  host  magmatic  rock. 

The  HSL  group  are  fairly  uniform  in  modal  mineralogy  and  mineral  chemistry  (Table  1),  and  are 
typical  of  peridotites  from  the  non-cratonic  continental  lithosphere  in  being  depleted  in  basaltic  major 
element  components  relative  to  model  primitive  upper  mantle.  The  ISL  xenoliths  differ  in  showing 
zonation  of  mineral  compositions  (Table  1)  manifested  in  rims  to  clinopyroxenes  with  numerous  small 
glass  inclusions  resulting  in  a  “spongy”  appearance.  Rims  are  also,  but  less  commonly,  seen  in 
spinel.  Clinopyroxene  rims  show  an  increase  in  Mg#  (100Mg/(Mg+Fe))  and  a  decrease  in  Na^  and 
A1203  relative  to  the  cores,  whereas  spinels  show  an  increase  in  Cr203  content.  Garnet-bearing 
xenoliths  (the  IGSL  group)  also  contain  spinel,  but  spinel  is  much  rarer  than  in  the  other  two  groups 
and  is  subordinate  to  garnet.  Most  garnets  are  typical  pyrope-rich  Iherzolitic  garnets  with  5-6wt% 
CaO,  although  several  analyses  have  much  lower  CaO  (as  low  as  1.96wt%),  which  must  indicate 
disequilibrium,  because  these  samples  also  contain  abundant  clinopyroxene.  Further  chemical  features 
of  the  rock-forming  minerals  and  ranges  of  mineral  modes  for  each  xenolith  group  are  given  in  Table 


Table  1:  Modal  proportions  of  minerals  and  main  major  element  chemical  features 
of  the  three  Jetty  Peninsula  lherzolite  groups. 


(c=core;  r=rim) 


Homogeneous 

Spinel  Lherzolite 

Inhomogeneous 

Spinel  Lherzolite 

Inhomogeneous 
Garnet-Spinel  Lherzolite 

modal 

proportions 

(%) 

01  78  -  82 

Opx  10  -  14 

Cpx  3.5  -  7.0 

Sp  1.5 -5.0 

01  66  -  75 

Opx  11-16 

Cpx  9-14 

Sp  1-4 

01  57  -  68 

Opx  18-22.5 

Cpx  11-16.5 

Gt  1.5 -6.8 

Sp  0.2  -  0.5 

Olivine 

Mg#  90.8-91.4 

Mg#  89.0-91.8 

Mg#  89.3-91.1 

Ortho¬ 

pyroxene 

Mg#  91.3-92.3 

Mg#  89.4-91.8 

Mg#  90.0 -91.2(c) 

85.9  -  88.7  (r) 

Clino¬ 

pyroxene 

Mg#  91.7-94.1 

Na20  0.59  -  0.8% 

Mg#  88.5  -92.0(c) 

90.0  -  92.4  (r) 

Na20  1.13- 2.06%  (c) 
0.28  -  0.88%  (r) 

Mg#  88.9 -91.2(c) 

89.4-91.2  (r) 

Na20  1.20-  1.60%  (c) 
0.35  -  0.59%  (r) 

Spinel 

Mg#  66.0  -  78.7 

Cr#  25.7  -  33.9 
Fe3*/Fe2+  0.05  -  0.39 

Mg#  73.1  -81.8(c) 

77.0-81.4® 

Cr#  20.0 -28.4(c) 

28.4  -  32.5  ® 
Fe3*/Fe2+  0.22  -  0.45  (c) 
0.31-0.40  (r) 

Mg#  75.9  -  83.1  (c) 

76.4  -  78.6  (r) 

Cr#  13.1 -30.7(c) 
18.4-30.5® 
Fe3+/Fe2+  0.10-0.41  (c) 
0.30-0.39  (r) 

Garnet 

absent 

absent 

MgO  20.1  -26.8% 

FeO  6.28  -  8.75% 

CaO  5.04 -  5.70%  (1.96) 
Cr203  1.11-2.00% 

The  garnet-bearing  IGSL  group  consistently  show  more  fertile  compositions  than  the  HSL,  whereas 
the  ISL  show  the  widest  range,  probably  as  a  result  of  varying  amounts  of  depletion  by  basalt  loss 
and  also  of  refertilisation  by  infiltrating  melt,  as  manifested  in  the  inhomogeneity  of  mineral 
compositions.  The  xenolith  suite  thus  broadly  shows  a  correlation  of  increasingly  depleted  character 
with  decreasing  depth,  which  is  the  pattern  expected  to  originate  by  melt  loss  beneath  a  spreading 
ridge.  Thermobarometric  estimates  of  temperature  and  pressure  conditions  from  mineral  chemistry 
indicate  temperatures  of  around  1000-1 150°C  from  the  Wells  (1977)  thermometer  for  most  xenoliths, 
whereas  two  correspond  to  much  lower  temperatures  between  700  and  750°C.  Coupled  with  pressure 
estimates  from  the  barometers  of  Nickel  and  Green  (1985)  and  Kohler  and  Brey  (1990),  these  lead  us 
to  the  interpretation  that  two  fossil  geothermal  gradients  are  represented  by  the  xenolith  suite:  the  two 
lower  temperature  samples  reflect  an  earlier  pre-rift  sub-continental  (but  non-cratonic)  geotherm, 
whereas  the  mineral  chemistry  of  all  other  xenoliths  corresponds  to  a  later  higher-temperature 
geotherm  associated  with  the  development  of  the  Lambert- Amery  Rift. 

Isotopic  studies  of  the  xenoliths  are  currently  available  only  in  the  form  of  Sm-Nd  whole-rock 
isotopic  measurements  and  and  those  on  clinopyroxene  and  orthopyroxene  mineral  separates 
(Andronikov  and  Beliatsky,  1995).  Although  these  results  must  be  used  with  care,  they  have  been 
interpreted  to  indicate  times  of  isotopic  disturbance  of  the  mantle,  possibly  related  to  episodes  of  melt 
or  fluid  infiltration  such  as  those  marked  by  chemical  and  petrographic  features  in  the  xenoliths 
(Andronikov  and  Beliatsky,  1995).  Sm-Nd  whole-rocks  appear  to  fall  into  two  groups  at  ca.  0.9  and 
ca.  0.6  Ga.  The  “isochron”  given  by  orthopyroxene  from  the  HSL  is  older  (ca.  1.2  Ga),  apparently 
preserving  information  from  before  these  enrichment  episodes.  Depleted  mantle  model  ages  range 
between  0.92  and  1.21  Ga,  so  that  there  is  no  longer  any  indication  of  material  older  than  1.2  Ga.  The 
1.2  Ga  limit  may  indicate  previous  thermal  erosion  of  the  lithosphere  in  the  mid-Proterozoic. 


The  Jetty  Peninsula  xenolith  isotope  data  appear  to  indicate  episodic  infiltration  of  the  lithosphere  on 
the  flanks  of  the  developing  rift.  It  is  interesting  to  note  that  the  age  “modes”  reported  by  Andronikov 
and  Beliatsky  (1995)  of  0.9  and  0.6  Ga  correlate  with  well-known  tectonic  events  in  East  Antarctica: 
0.9  Ga  is  characteristic  for  the  Rayner  metamorphism  in  crustal  rocks  adjacent  to  the  Lambert-Amery 
rift,  and  is  interpreted  to  indicate  an  episode  of  major  crustal  growth  in  a  collisional  setting  (Sheraton 
et  al.,  1993).  The  “age”  of  0.6  Ga  is  approximately  that  of  the  later  stages  of  the  Ross  Orogeny 
(Ravich  et  al.,  1984),  and  is  believed  to  record  an  earlier  episode  of  rifting  known  as  the  Beaver  Lake 
paleorift  in  the  Lambert-Amery  region. 

In  summary,  the  petrographic  and  chemical  characteristics  of  the  Jetty  Peninsula  peridotite  xenoliths 
may  represent  samples  of  Antarctic  mantle  lithosphere  of  Proterozoic  age  which  also  record  at  least 
two  episodes  of  refertilisation  in  major  elements  and  enrichment  in  incompatible  elements.  The  heat 
source  for  the  generation  of  the  host  alkali-picrite  was  derived  from  the  asthenosphere  beneath  the 
developing  rift,  and  samples  of  the  overlying  lithosphere  were  taken  during  eruption  from  restricted 
areas  which  had  previously  experienced  melt  infiltration  events  at  different  times.  The  enriching 
agents  can  be  taken  as  being  silicate  melts  similar  in  origin  and  nature  to  the  present  alkali  picrite  host 
rock;  the  increase  in  Mg#  from  cores  to  rims  in  the  ISL  group  may  indicate  infiltration  by  a  melt  with 
high  Mg#  which  must  take  up  Fe  from  the  peridotite  melts  during  infiltration  in  order  to  satisfy  the 
Mg/Fe  equilibrium  exchange  coefficient. 
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The  investigated  objects  were  the  diamonds  (about  500  crystals)  of  octahedral  habit  having  1  to  8 
mm  size  from  kimberlite  pipe  Mir  (Yakutia).  A  luminescent  tomography  was  used  during  the 
investigations  that  permits  to  visualize  the  diamond  internal  morphology  due  to  their  luminescence 
in  the  ultraviolet  light  (Mironov  and  Antonyuk,  1994). 

The  generalized  picture  of  a  crystal  genesis  of  natural  octahedral  habit  diamond  is  represented  as 
successive  change  of  three  growth  stages.The  formation  of  diamond  crystallization  centres  that  are 
isolated  in  the  central  parts  of  crystals  and  that  usually  have  "point-like"  sizes  takes  place  during  the 
first  (initial)  stage.  Yet,  in  some  diamond  crystals  it  is  possible  to  clearly  observe  the  octahedral 
crystallites  having  the  size  to  O.n  mm  that  luminescence  in  a  bright  blue  light  or  do  not  lumines¬ 
cence.  Probably,  they  can  be  interpreted  as  {111}  crystals  nuclei  grown  to  visible  sizes.  The  transi¬ 
tion  from  the  first  to  the  second  (intermediate)  growth  stage  is  abrupt.  When  the  crystal  attains  a 
definite  size  (not  more  than  O.n  mm  in  our  case)  a  octahedral  growth  form  becomes  unstable  and  is 
changed  by  a  combination  of  octahedron  and  rounded  surface.  Such  a  cardinal  change  of  a  diamond 
growth  form  is  connected  probably  with  the  inhomogeneity  of  overcooling  (oversaturation)  on  the 
crystal  growing  surface  at  a  relatively  nonequilibral  crystallization  conditions.  According  to  the 
existing  knowledge  (Chernov  et  al.,1980)  the  rounded  growth  front  coinsides  with  an  isotherm 
(isoconcentrate  surface)  of  crystallization. 

In  an  idealized  appearance  the  diamond  rounded  growth  form  is  shown  in  Fig.l.  Geometrically  the 
shape  having  such  a  surface  is  formed  in  the  result  of  intercrossing  of  eight  spheres  of  equal  radii 
and  having  only  one  common  point.  The  spherical  parts  are  divided  from  each  other  by  kinked  lines 
(circular  arcs)  in  the  planes  (xy),  (xz),  (yz ).  The  points  of  kinking  are  on  the  exits  of  cartesian  axes. 
The  general  symmetry  of  the  shape  consisting  of  eight  parts  of  the  spherical  surface  (rounded 
"faces")  conforms  with  the  diamond  crystal  class  (m3m).  For  the  crystallographic  characteristic  of  a 
rounded  growth  form  we  shall  use  "orientation  surface"  concept  (Mokievsky,1983).  Each  of  the 
eight  rounded  "faces"  is  constituted  of  nonisolated  pointwise  orientations  :  1 1 1 :,  :  1 10:,  :  1 00-',  MkO:, 

: hhl :,  'Mil'.,  Mkl:.  The  rounded  growth  form  on  the  phantom-crystals  contained  in  the  diamond 
octahedrons  is  always  combined  with  flat  faces  {111}.  The  growth  sectors  of  the  octahedral  faces 
differ  in  red,  blue  luminescence  or  no  luminescence. The  growth  sectors  of  the  rounded  "faces"  have 
a  yellow-green  or  yellow  colour  of  luminescence  . 

The  change  of  the  diamond  crystal  form  at  the  intermidiate  stage  is  defined  by  the  change  of  relative 
growth  rates  of  octahedral  faces  and  of  rounded  "faces".  According  to  the  rule  (Laemmlein,  1948) 
the  convex  side  of  the  boundary  between  the  growth  sectors  is  turned  to  the  face  the  growth  of 
which  was  becoming  relatively  slower.  We  shall  illustrate  it  on  the  idealized  models  on  condition 
that  the  crystal-forming  medium  symmetry  during  the  whole  growth  period  corresponds  to  the 
symmetry  of  a  sphere,  i.e.  the  crystal  growth  without  the  habit  distortion,  according  to  the  Curie 
principle  (crystal  and  medium  symmetries  superposition). 

If  the  growth  rate  of  the  rounded  "faces"  in  relation  to  the  octahedral  faces  increases  constantly  then 
in  the  process  of  growth  the  rounded  form  degenerates  (Fig. 2).  As  the  growth  rate  of  the  rounded 
form  raises,  the  number  of  pointwise  orientations  excluded  by  the  kinks  of  the  rounded  surface 
increases.  It  is  represented  in  the  reduction  of  the  deflection  depth  of  the  curved  line  growth  zones. 
In  contrast,  the  octahedral  faces  spread.  At  the  intermediate  stage  the  contours  of  the  growing  {111} 
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faces  are  of  edge  form  <21 1>.  After  the  intersection  of  adjacent  octahedral  faces  the  edge  form 
<21 1>  combines  with  the  edges  <1 10>.  At  the  end  of  the  second  stage  faces  {111}  completely  close 
the  growth  sectors  of  rounded  form  at  the  exit  points  of  cartesian  axes  restoring  status  quo,  i.e.  the 
octahedral  form  existed  at  the  first  stage  of  growth.  In  this  case  the  contours  of  octahedral  faces  are 
formed  only  by  <1 10>  edges.  At  the  third  (final)  stage  such  diamond  crystals  continue  entirely  the 
octahedral  growth  in  the  conditions  nearly  close  to  equilibrant. 

The  most  numerous  are  the  diamond  crystals  having  the  internal  morphology  that  is  shown  in  Fig.3. 
The  boundaries  behaviour  between  the  sectors  represents  a  variable  relative  growth  rate  of  contac¬ 
ting  octahedron  and  rounded  form  faces.  At  the  beginning  of  the  second  stage  the  rounded  surface 
growth  speeds  up  but  to  the  end  of  the  stage  their  growth  relatively  slows  down.  The  latter  condition 
is  the  reason  of  octahedral  orientations  appearing  on  the  rounded  surface  close  to  the  kinks  (in  con¬ 
nection  with  an  abrupt  increase  of  the  deflections  depths).  The  rounded  surface  is  covered  by  a  great 
number  of  { 1 1 1 }  crystallites.  The  octahedral  diamond  macrofaces  do  not  practically  grow  until  a 
newly  formed  multiapical  and  stepped  surface  (gradually  getting  coarsened)  will  not  "restore"  the 
crystal  to  its  regular  octahedral  form.  After  the  noted  phenomenon  of  "restoration"  the  growth  of  the 
diamond  continues  in  an  ordinary  closed  octahedral  form.  The  sectors  of  octahedron  of  the  final 
growth  stage  have  blue,  orange  luminescence  or  no  luminescence.  In  the  case  of  rhythmically-zonal 
structure  of  the  {111}  sectors  a  successive  change  of  zones  with  blue  luminescence  by  zones  with 
orange  luminescence  and  finally  by  zones  with  no  luminescence  is  noted. 

The  morphology  of  the  investigated  {111}  habit  diamonds  is  readily  explained  from  the  PBC  (the 
periodic  bond  chains)  theory  viewpoint  (Hartman  and  Perdok,  1955)  taking  into  account  the 
interaction  of  only  the  first  (closest)  neighbour  atoms  in  the  diamond  lattice,  i.e.  the  PBC  <11 0>. 
The  {111}  singular  atomically  flat  faces  that  are  characterized  by  a  tangential  growth  mechanism 
completely  define  the  diamond  form  at  the  first  and  the  third  stages  of  growth.  At  the  second  stage 
of  growth  the  octahedral  F-faces  combine  with  atomically  rough  rounded  "faces",  formed  by 
nonsingular  pointwise  orientations  :  1 10:,  :  1 00:,  \hk 0:,  :hhl:,  : hll: ,  ‘-hkl:,  that  grow  according  to 
the  normal  mechanism.  The  succession  of  a  natural  diamond  growth  form  change  is  according  to  the 
pattern:  {111}  {111}  +  rounded  form  -»  {111}.  The  crystal  form  evolution  during  the  process  of 

growth  represents  the  change  of  diamond  formation  conditions  from  less  to  more  equilibrant.  The 
absence  of  traces  of  interruption  between  the  growth  stages,  despite  a  sharp  change  of  the  form  of 
growth,  allows  to  consider  the  crystallization  as  an  uninterrupted  process  of  diamond  formation  of 
one  generation. 

There  is  contrastly  exhibited  deep  connection  between  the  atomic  structure  of  the  growing  surfaces, 
the  growth  mechanisms,  and  physical  properties  (photoluminescence,  in  particular)  of  growth 
sectors  and  zones  in  the  natural  diamonds  of  octahedral  habit.  A  natural  diamond  displays  good 
mineralogical  memory  of  its  growth  history. 
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Fig.l.  A  rounded  form  of  the  natural  diamond  growth  determined  on  the  phantom-crystals  (in 
reality  it  is  always  in  combination  with  the  octahedral  faces):  (a)  axonometric  view;  (b),  (c)  central 
sections  parallel  to  (1 10)  and  (100). 


Fig. 2.  Internal  morphology  model  of  a  natural  diamond  of  octahedral  habit  (growth  rate  of  the 
rounded  form  at  the  second  stage  increases  constantly):  (a)  axonometric  view;  (b),  (c)  central 
sections  parallel  to  (110)  and  (100).  Sectors  of  rounded  form  “faces”  growth  are  shown  by  points. 
Bold  lines  are  the  crystal  contours  at  the  end  of  the  growth  stages;  thin  lines  are  the  boundaries 
between  the  growth  zones;  broken  lines  are  the  boundaries  between  the  growth  sectors. 


Fig. 3.  Internal  morphology  model  of  a  natural  diamond  of  octahedral  habit  (growth  rate  of  the 
rounded  form  at  the  second  stage  is  variable):  (a)  axonometric  view;  (b),(c)  central  sections  parallel 
to  (110)  and  (100). 
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The  southwestern  flank  of  the  Sao  Francisco  craton  in  SE  Brazil  is  intruded  by  the 
Cretaceous  Alto  Paranaiba  Igneous  Province  (APIP;  Figure  1)  which  is  part  of  an  approximately 
2000  km  long  NW-SE  trending  corridor  of  alkaline  magmatism  (Bardet,  1977;  Gibson  et  al ,  1995). 
Emplacement  ages  report  for  the  APIP  range  ca.  80-120  Ma  (Bizzi,  1995),  with  the  majority  of  the 
age  data  clustering  at  80-90  Ma  (Gibson  et  al ,  1995).  The  voluminous  alkaline  magmatism  in  the 
APIP  has  been  ascribed  to  the  influence  of  hot  spot  activity  and  both  evidence  for  mantle 
heterogeneity  and  distribution  of  lithological  types  within  the  Province  appear  related  to  different 
depths  of  magma  generation  and  metasomatic  imprint  on  the  mantle  sources.  Mineralized 
kimberlites  have  been  reported  by  Gonzaga  &  Tompkins  (1991)  and  many  significant  alluvial 
diamond  deposits  are  know  to  occur  within  the  limits  of  the  Province. 

Some  sixty  pipes  have  been  selected  from  the  wide  variety  of  rock  types  comprises 
the  APIP  (dykes,  pipes,  plugs,  diatremes,  lava  flows  associated  or  not  to  pyroclastic  deposits  and 
large  plutonic  complexes)  for  this  study.  Macroscopically,  most  of  the  rocks  present  massive  black 
to  brown  aspect  with  olivine  macrocrystals  and  sometimes  with  lesser  amounts  of  visible  pyroxene 
and  ilmenite.  They  texture  is  inequigranular,  they  are  often  carbonatized,  and  xenoliths  contained 
therein  comprises  mainly  lherzolites  and  dunite,  country  rocks  clasts,  and  fragments  of  cognate 
phases. 

The  rocks  have  been  classified  on  the  basis  of  detailed  petrography  and  mineral  chemistry  as 
kimberlites  and  kamafugites  (ugandites  and  mafurites).  The  kimberlites  have  two  olivine 
populations  of  different  morphologies  (rounded  olivine  macrocrysts  and  smaller  subhedral 
phenocrysts)  and  their  groundmass  comprises  olivine,  ilmenite,  phlogopite,  spinel  group  minerals, 
perovskite,  serpentine,  carbonate,  monticellite,  iddingsite,  apatite,  and  clay  minerals.  In  some  of  the 
samples  phlogopite  and  ilmenite  macrocrysts  have  been  identified.  The  kamafugitic  rocks  present 
euhedral  to  subhedral  olivine  grains  and  their  groundmass  comprises  pyroxene,  olivine,  phlogopite, 
leucite  and/or  kalsilite,  spinel  group  minerals,  perovskite,  serpentine,  apatite,  carbonate  and  clay 
minerals.  The  mafurite  end-members  are  characterized  by  fresh  leucite  and/or  leucite 
pseudomorphos  replaced  by  analcime,  zeolite,  and  clay  minerals  and  minor  amounts  of  kalsilite  may 
occur.  In  the  ugandite  end-members  kalsilite  is  the  only  felsic  phase  present. 

Spinels,  ilmenite,  olivine,  pyroxene,  leucite,  and  kalsilite  have  been  probed.  Four  spinel 
group  minerals  have  been  identified.  Their  compositional  variation  and  the  relation  between 
magnesium  number  (#mg)  and  chrome  number  (#cr)  for  kimberlites  and  kamafigites  spinels  are 
ilustred  in  figure  2  and  3,  respectively.  Ilmenite  was  only  recognized  in  kimberlitic  rocks.  Figure  4 
shows  the  ilmenite  probe  data  in  the  MgTi03-FeTi03-MnTi03  projection  and  illustrates  their 
affinity  to  kimberlitic  ilmenites  reported  elsewhere.  The  kimberlite  olivines  have  compositions 
within  the  Fogs  to  Fo92  range  (macrocrysts  typically  F090-92  and  phenocrysts  Fogs-92)  which  are 
typical  of  kimberlitic  olivines.  Kamafugitic  olivines  are  within  the  Fo85-90  range,  which  is 
comparable  to  olivines  reported  for  similar  rocks  in  southwestern  Uganda,  Arizona,  and  Italy. 
Pyroxenes  from  the  kamafugitic  rocks  are  mainly  diopside  and  show  little  compositional  variation. 
Analyses  of  fresh  leucite  (Si02->53.7-55.2,  Al2O3->20.39-22.4,  K20->  17.2-2 1.1)  could  be 
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performed  only  in  the  samples  from  the  Omega-06  pipe.  The  other  pipes  contain  only  leucite 
pseudomorphs.  Kalsilite  (Si02->37.9-38.8,  Al203->28.5-29.1,  K2CM>27. 1-28.5)  occurs  interstitially 
and  as  aggregates  or  single  crystals.  Their  compositional  range  is  similar  to  that  reported  for 
kamafiigitc  kalsilites  in  Uganda  and  Italy. 


Conclusions 

On  the  basis  of  petrography  and  mineral  chemistry  the  rocks  of  the  Alto  Paranaiba  Igneous 
Province  could  be  divided  in  three  groups:  kimberlites,  mafurites  and  ugandites,  with  a  marked 
dominance  of  kamafiigitic  rocks  over  kimberlites.  On  a  regional  scale,  the  petrographic 
characteristics  and  distribution  of  igneous  activity  along  this  craton  margin  are  comparable  to  that  in 
south  western  Uganda  and  southern  Africa,  the  implication  being  that  the  prospectivity  of  the  area 
for  economic  primary  diamond  occurrences  should  be  down-graded. 
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Figure  1:  Location  of  Alto 
Paranaiba  Igneous  Province.  • 
Cretaceous  complexes.  Adapted 
from  Gibson  et  al  (1995). 


Fe+J 


Figure  2:  Fe+3-Cr-Al  diagram  for  spinels.  Circle, 
kimberlite;  square,  mafurite;  diamond,  ugandite. 

MnTiO, 


Figure  3:  #Cr  versus  #Mg  diagram  for  spinels. 
Circle,  kimberlite;  square,  mafurite;  diamond, 
ugandite. 


Figure  4:  MgTi03-FeTi03-MnTi03  diagram  for  ilmenites. 
Divisions  were  proposed  by  Tompkins  &  Haggerty  (1985). 
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Introduction 

Phlogopite  from  the  Catalao-I  and  -II  Carbonatite  Complexes  shows  a  wide  range  in  AI2O3  (0.01  to 
14.5%;  0.0  to  2.5  a.p.f.u)  and  FeO  (5.0  and  32.3%)  contents  and  also  normal  and  reverse 
pleochroism,  what  has  suggested  the  occurrence  of.  the  phlogopite-tetraferriphlogopite  series  (Araujo 
and  Gaspar,  1993).  Therefore,  in  order  to  verify  the  existence  of  the  Fe3+(™}  <-»  A13+(IV)  substitution 
three  samples  were  analyzed  in  a  Mossbauer  spectrometer  and  the  results  were  compared  to  their 
average  chemical  composition.  The  presence  of  tetrahedral  ferric  iron  has  been  confirmed  in 
phlogopite  and  biotite  through  Mossbauer  spectroscopy  (e.g.  Dyar,  1987;  Rancourt  et  al ,  1992, 
Cruciani  et  al,  1995). 

Geological  Setting 

The  Catalao-I  and  -II  Carbonatite  Complexes  are  located  in  the  southeast  part  of  the  Goias  State, 
central  Brazil.  They  belong  to  the  Cretaceous  Alto  Paranaiba  Magmatic  Province  which  comprises 
several  alkaline  occurrences  as  kimberlitic  rocks  (Bizzi  et  al,  1991;  Bizzi,  1993),  kamafugites  (Sgarbi 
and  Valenga,  1991)  and  other  carbonatites  along  a  NW  regional  trend  (A Z  125). The  complexes  are 
intruded  in  metasedimentary  rocks  (Araxa  Group)  of  the  Neoproterozoic  Brasilia  Fold  Belt  which 
occurs  in  the  southwestern  border  of  the  Sao  Francisco  Craton.  The  Catalao-I  Complex  is  10  Km  far 
away  from  Catalao-II.  They  are  interpreted  as  cogenetic  bodies  comprising  an  ultramafic  phase 
represented  by  dunite  and  clinopyroxenite  and  several  carbonatite  phases.  The  carbonatites  had 
interacted  with  the  primary  ultramafic  rocks  forming  carbonate-,  phlogopite-  and  clinopyroxene- 
bearing  rocks.  Phoscorites  also  occur  and  are  associated  to  the  carbonatite.  In  the  Catalao-I  Complex 
a  breccia  with  a  phlogopite-  and  olivine-  rich  matrix  cut  the  former  rocks  and  contains  fragments  of 
the  rock  intrusion. 

Chemical  results 

The  phlogopites  were  analyzed  in  a  CAMECA  SX-50  microprobe  (15kv  and  25nA)  at  the  University 
of  Brasilia.  96  analysis  represent  phlogopites  from  the  clinopyroxenite,  carbonatite,  phoscorite, 
phlogopitite,  and  the  breccia.  The  chemical  analysis  were  normalized  to  22  oxygen  and  the  tetrahedral 
site  (T  site)  is  fulfilled  with  Fe3+  until  the  sum  of  Si,  Al  and  Fe3+  equals  8.0  p.f.u.,  yielding  the 
stequiometric  Fe3+(IV)  (Fe3+(IV)*;  in  Table  1).  Fe3+  does  not  enter  in  the  octahedral  site.  The  plots  of 
pe3+ov)*  versus  A13+(IV)  and  Si4+(IV)  versus  A13+(IV)  presented  in  figures  1  and  2  clearly  exhibit  a  possible 
phlogopite-tetraferriphlogopite  series  where  the  normal  and  reverse  crystals  are  shown.  The 
phlogopites  can  be  divided  in  two  groups  according  to  their  pleochroism  and  chemical  composition: 
(1)  high  A1-,  Ti-  and  low  Si-,  Mg-  and  Fet-  phlogopites  with  normal  pleochroism,  and  (2)  high  Fet- 
and  Si-  and  low  Al-  and  Ti-  tetraferriphlogopites  with  reverse  pleochroism.  Si  plays  an  important  role 
in  cationic  substitutions  of  the  normal  phlogopites.  As  shown  in  Figure  2  there  is  a  clear  break  in  the 
series  for  Al™  >  1.5  a.p.f.u.,  coincident  with  pleochroism  change,  when  it  is  observed  an  inverse 
correlation  between  Si™  and  Al™.  The  high  Al™  content  is  accompanied  by  high  Ti^1  and  low  Mg^. 
The  most  important  coupled  substitution  for  the  high  Al  members  of  the  series  could  be  Ti4+(VI)  + 
2Al3+(™}  <->  Mg2+(VI)  +  2Si4+av).  Conversely,  the  reverse  tetraferriphlogopites  show  a  smooth  inverse 
correlation  between  Si™  and  Al™  but  Fe™  and  Al™  are  strongly  antipathetic,  which  does  not  happen  in 
normal  or  high  Al-  phlogopites  (Figure  1).  The  Fe2+(VI)-Mg2+(VI)  substitution  is  more  pronounced  in 
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tetraferriphlogopites.  The  coupled  substitution  Fe3+(IV)  +  Fe2+(IV)  Mg2+(VI)  +  A13+(IV)  is  proposed  for 
the  high  Fe3+(IV*)  series  members  (Araujo,  1996). 

Mossbauer  results 

Three  phlogopite  samples  were  analyzed  in  the  Mossbauer  spectrometer  at  the  University  of  Espirito 
Santo,  Brazil.  The  samples  were  submitted  to  y-Ray  absorption  using  a  57CO/Rh  source  and  pattern 
transmission  geometry.  The  Fe2+/Fe3+  Mossbauer  ratio  is  shown  in  Table  1 . 

Comparison  between  chemical  and  Mossbauer  results 

The  Mossbauer  Fe2+/Fe3+  ratio  was  applied  in  the  phlogopite  chemical  normalization  in  order  to  verify 
the  iron  distribution  in  the  tetrahedral  and  octahedral  sites.  Table  1  presents  the  average  chemical 
composition  for  each  sample,  their  Fe2+/Fe3+  ratio,  and  the  normalization  used  as  following:  (1) 
determination  of  Fe2+  and  Fe3+  amount  according  to  the  Mossbauer  Fe2+/Fe3+  ratio  for  each  sample; 
(2)  fulfillment  of  the  T  site  with  Fe3+  until  8.0  a.p.f.u..  (3)  fulfillment  of  the  O  site  with  the  remaining 
Fe3+.  The  O  site  became  slightly  vacant. 

Discussion 

The  detection  of  Fe3+  in  tetrahedral  sites  in  the  phlogopites  of  Catalao-I  and  -II  through  Mossbauer 
analysis  confirms  the  existence  of  the  tetraferriphlogopite  member  in  these  complexes.  Considering 
also  the  large  range  of  A1  and  Fet  and  due  to  the  Al™  variation  from  0.0  to  2.5  a.p.f.u.  (Figure  1)  we 
report  the  first  occurrence  of  a  complete  phlogopite-tetraferriphlogopite  series. 
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Figure  01  -  F e3+IV*  and  Al™  for  phlogopites  from 
Catalao-I  and  -II.  Open  squares:  reverse  pleochroism; 
filled  circles:  normal  pleochroism. 


Figure  02  -  Si™  and  Al™  for  phlogopites  from  Catalao- 
I  and  -II.  Open  squares:  reverse  pleochroism;  filled 
circles:  normal  pleochroism. 


Table  1  -  Average  Chemical  Composition  of 
Phlogopite. 


Normalization  based  on  Fe2+/Fe 

see  text). 

C61 

C62 

S/N 

Si02 

38,68 

36,85 

37,51 

Ti02 

2,74 

3,07 

2,89 

ai2o3 

7,91 

7,41 

8,08 

Cr203 

0,01 

0,01 

0,02 

Fe203 

10,10 

9,28 

8,59 

FeO 

14,57 

15,85 

15,63 

MnO 

0,24 

0,25 

0,24 

MgO 

13,19 

11,63 

12,34 

BaO 

0,00 

0,00 

0,00 

CaO 

0,00 

0,00 

0,00 

Na20 

0,08 

0,06 

0,06 

k2o 

9,64 

9,52 

9,52 

h2o 

3,70 

3,58 

3,62 

F 

0,29 

0,22 

0,27 

Cl 

0,01 

0,00 

0,01 

0=F 

0,12 

0,09 

0,11 

o=ci 

0,00 

0,00 

0,00 

Total 

101,29 

97,81 

98,89 

C61 

C62 

S/N 

Si lv 

6,02 

5,99 

5,98 

aP 

1,45 

1,42 

1,52 

FeJ*lv* 

0,53 

0,59 

0,50 

T  Site 

8,00 

8,00 

8,00 

Al Vl 

0,00 

0,00 

0,00 

Ti  V! 

0,32 

0,38 

0,35 

Cr 

0,00 

0,00 

0,00 

Fe3771 

0,65 

0,54 

0,53 

F?171 

1,90 

2,15 

2,08 

Mn 17 

0,03 

0,03 

0,03 

Mg 

3,06 

2,82 

2,93 

O  Site 

5,96 

5,93 

5,93 

Ba 

0,00 

0,00 

0,00 

Ca 

0,00 

0,00 

0,00 

Na 

0,02 

0,02 

0,02 

K 

1,91 

1,97 

1,94 

A  site 

1,94 

1,99 

1,96 

O 

20,01 

20,01 

20,01 

OH 

3,84 

3,88 

3,85 

F 

0,14 

0,11 

0,13 

Cl 

0,00 

0,00 

0,00 

Charge 

0,00 

0,00 

0,00 

Fe'VFe"'  * 

1.604 

1.898 

2.021 

Fe2+/Fe3+  *  -  Fe2+/Fe3+  Mossbauer  ratio 
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Introduction 

A  genetic  link  between  diamond  formation  and  volatile-  and  alkali-rich  mantle  melts  or  fluids, 
broadly  similar  to  kimberlite  composition  has  been  suggested  by  studies  of  inclusions  in  natural 
diamonds  (Navon  et  a.,  1988).  This  view  is  supported  by  the  experimental  study  by  Arima  et  al. 
(1993)  who  demonstrated  that  diamond  crystallized  and  grew  in  a  volatile-rich  silicate  melt  of 
kimberlite  composition  in  high-pressure  and  high-temperature  experiments  (1800-2200°C  and  7-7.7 
GPa).  Complex  multistage  growth  and  resorption  histories  have  been  noted  in  some  natural 
diamonds  (Taylor  et  al.,  1995).  Growth  and  resorption  processes  of  diamond  likely  depend  on 
thermal  perturbation,  mechanism  of  carbon  influx,  and  redox  state  in  the  subcontinental  upper 
mantle.  They  also  depend  on  the  solubility  of  carbon  (or  CO2)  in  volatile-  and  alkali-rich  mantle 
melts  or  fluids  at  various  depths  of  the  upper  mantle. 

The  morphologies  of  diamond  crystals  reflect  environmental  condition  under  which  they 
grew  and/or  dissolved  (Sunagawa,  1984).  This  paper  reports  detailed  growth  morphologies  of 
diamonds  crystallized  from  kimberlitic  melts  in  the  experiments  by  Arima  et  al.  (1993),  and 
resorption  features  of  diamond  into  kimberlitic  melts  with  various  carbon  contents  in  the  graphite 
stability  field  (1300-1500°C  and  2.5  GPa). 

Crystallization  and  growth  of  diamond  at  7  -  7.7  GPa 

Detailed  experimental  procedures  were  given  in  Arima  et  al.  (1993).  The  kimberlite  used  in  the 
experiments  is  an  aphanitic  kimberlite  from  Wesselton  Mine,  South  Africa  (KIM-1).  In  the  runs  at 
1800-2200°  C  and  7-7.7  GPa,  the  kimberlite  powder  was  loaded  in  a  graphite  capsule  with  and 
without  a  seed  diamond  (about  1  mm  in  diameter),  which  was  emplaced  in  a  Mo  capsule.  Diamond 
crystallized  and  grew  from  kimberlite  melt  in  all  the  run.  Newly  formed  diamonds  occur  in  the 
interface  between  the  kimberlite  and  graphite  capsule,  indicating  the  kimberlite  acts  as  the  solvent- 
catalysts.  No  systematic  difference  exists  between  the  runs  with  seed  diamond  and  those  without 
seed  diamond  at  the  same  P-T  condition.  No  diamond  was  observed  in  the  "dummy"  run  in  which 
graphite  was  encapsulated  in  a  Mo  capsule  without  kimberlite  powder.  The  kimberlite  part  of  the  run 
products  consists  of  a  fine-grained  crystal  aggregate.  No  glass  was  observed.  Dendritic  or  acicular 
morphology  of  the  crystals  indicates  that  they  are  quench  phases  crystallized  from  the  kimberlitic 
melt  during  quenching  at  high  pressure.  Overall,  the  results  indicate  that  the  diamond  crystallized 
from  kimberlitic  melt  and  was  not  formed  by  solid-state  transformation  of  graphite. 

The  newly  formed  diamond  crystals,  up  to  100  pm  in  diameter,  are  colorless  and  transparent 
under  optical  microscope.  They  are  isolated  well  faceted  octahedron,  hopper  crystals,  or  dendritic 
crystals.  The  diamonds  generally  have  well  developed  {111}  face.  In  a  rare  case  they  have  small 
rugged  {100}  face.  Octahedron  twinned  on  { 111 }  twin  plane  is  common.  In  a  rare  case,  cyclic 
twins  are  present.  The  morphology  of  newly  formed  diamond  in  the  present  experiment  indicates 
that  the  growth  rate  of  { 1 1 1 }  is  several  times  lower  than  those  of  {100},  being  resemble  those  of 
natural  diamond  but  contrast  to  those  of  synthetic  diamonds  grown  from  metal  solvent-catalysts.  In 
addition,  in  the  runs  at  2000-2200°C,  a  depression  at  the  center  of  the  {111}  face  is  locally  present, 
and  growth  steps  indicative  of  layer-growth  are  clearly  observed. 

No  apparent  change  was  noted  in  the  original  habits  of  the  seed  diamonds.  However,  all  the 
seed  diamonds  had  newly  formed  triangular  patterns  on  the  {111}  faces.  They  correspond  to 
growth  hillocks  that  have  rounded  triangular,  truncated  triangular,  or  triangular  shape,  and  have  the 


32 


same  orientation  as  the  original  triangular  {111}  faces  of  the  seed  crystal.  In  a  rare  case,  growth 
pyramids  (-0.74  mm  high)  of  triangular  morphology  clearly  show  growth  steps  similar  to  those 
observed  on  natural  diamonds  (Sunagawa,  1984;  van  Enckevort,  1992).  Rounded  hexagonal  disk¬ 
like  diamond  crystals  occur  on  broken  surfaces  of  the  seed  diamond  (run  NK12,  1800°C  and  7.0 
GPa).  A  top  face  of  the  disk-like  diamond  is  parallel  to  {111}  face  of  the  seed  diamond.  In  addition, 
shield-like  rounded  hexagonal  growth  pattern  and  "closed  loop"  of  growth  steps  were  noted  on 
{111}  face  of  the  seed  crystal.  These  features  suggest  a  spiral  growth  mechanism  of  the  hillocks.  It 
is  likely  that  carbon  atoms  diffused  from  the  graphite  capsule  through  the  kimberlite  melt  and 
deposited  as  diamond  on  the  seed  crystal. 

Resorption  of  diamond  at  2.5  GPa 

Resorption  of  diamond  in  kimberlitic  silicate  melts  was  investigated  at  2.5  GPa  and  1300-1500°  C 
for  10  to  240  min.  using  a  piston  cylinder  high  pressure  apparatus.  A  natural  diamond  crystal  and  a 
resorption  agent  (kimberlite  powder)  were  emplaced  in  a  sealed  inner  Pt  capsule  (2  mm  in  diameter). 
The  inner  sample  capsule  was  then  loaded  with  the  W-I  buffer  powder  in  a  sealed  outer  Pt  capsule 
(3  mm  in  diameter).  The  natural  diamonds  used  are  smooth-faced  octahedral  crystals  (1  mm  in 
diameter)  with  slightly  resorbed  rounded  comer  and  edge. 

To  examine  the  effect  of  carbon  (or  CO2)  concentration  in  the  melt  on  the  diamond 
resorption,  several  kimberlite  compositions  with  various  carbon  (or  CO2)  concentrations  were 
prepared.  They  were  (1)  the  natural  group  1  kimberlite  composition  from  Wesselton  Mine,  South 
Africa  (4.77  wt.%  CO2  and  6.2  wt.%  H2O),  (2)  the  graphite-doped  composition  in  which  graphite 
powder  (20  wt.%)  was  added  to  the  Wesselton  kimberlite,  (3)  the  carbonate-doped  compositions  in 
which  CaCC>3  was  added  to  the  Wesselton  kimberlite,  and  (4)  the  synthetic  kimberlite  compositions 
in  which  SiC>2,  AI2O3,  Ti02,  MnO,  MgCC>3,  CaCC>3,  Na2CC>3,  and  K2CO3  were  mixed  with  Fe, 
FeO,  or  Fe2C>3.  No  FbO  was  added  to  these  synthetic  compositions. 

All  diamonds  in  the  run-products  exhibited  a  variety  of  resorption  features  on  {111}  face 
including  both  negatively  and  positively  oriented  trigons,  hexagonal  deep  and  shallow  pits,  knob¬ 
like  asperities,  and/or  shallow  depression  with  hexagonal  morphology.  In  addition,  in  most  of  the 
run-products,  except  for  those  with  graphite-doped  kimberlite,  the  diamonds  showed  preferential 
resorption  of  comers  and  edges  of  octahedron.  In  the  runs  with  the  natural-kimberlite  and  carbonate- 
doped  natural  kimberlite  compositions,  extensive  resorption  occurred  and  no  octahedral  faces  were 
preserved  after  120  min.  In  those  run,  knob-like  asperities  were  noted  on  comers  and  edges. 
Kimberlite  portions  of  the  run-products  were  composed  of  dendritic  quench-crystal  aggregates.  No 
graphite  was  present  in  all  the  runs,  except  for  those  with  graphite-doped  kimberlite  composition. 

All  diamonds  in  the  mns-products  with  natural-kimberlite  and  carbonate-doped  natural- 
kimberlite  compositions  showed  negatively  oriented  trigon.  A  majority  of  the  pits  are  sharply  edged 
trigons  but  some  shallow  pits  are  in  the  rounded  triangular  shape  with  rounded  bottom  surface.  The 
trigons  include  the  types  of  pyramidal-shallow,  pyramidal-deep,  flat-bottomed-sallow,  and  flat- 
bottomed-deep,  as  classified  by  Frank  and  Lang  (1965).  Small  trigons  (<  1  mm)  of  both  flat- 
bottomed  and  pyramidal  exists  within  the  relatively  large  trigons.  The  size  of  trigon  clearly  increases 
with  run  temperature  and  run  duration.  Addition  of  carbonate  to  the  kimberlite  composition 
suppressed  the  resorption  of  diamond. 

In  the  runs  with  graphite-doped  kimberlite  composition,  the  diamonds  exhibited  no 
noticeable  change  in  the  original  habit.  No  deep-trigon  was  observed  in  those  runs.  The  diamonds 
were  covered  by  graphite  and  showed  shallow  depressions  with  hexagonal  morphology  on  {111} 
face  but  their  comer  and  edge  of  octahedron  were  well  preserved.  In  the  runs  with  synthetic- 
kimberlite  compositions,  both  negatively  and  positively  oriented  trigons  were  formed  on  {111} 
face.  In  some  runs,  sharply  edged  hexagonal  deep  pits  were  present  on  {111}  face.  The  run  with  a 
melt  containing  iron  of  higher  oxidation  state  showed  higher  degree  of  resorption  features.  For 
example,  in  the  run  with  Fe2C>3-doped  synthetic  composition  at  1500°C  and  2.5  GPa  for  10  min, 
corners  and  edges  of  octahedron  were  extensively  resorbed  and  only  50  %  of  area  of  {111}  face 
was  preserved.  To  the  contrary,  in  the  run  with  FeO-doped  synthetic  composition  at  the  same  run 
condition,  only  25  %  of  area  of  { 1 1 1 }  face  was  resorbed,  and  no  apparent  change  was  noted  in  the 
original  habit  of  the  diamond  of  the  run  with  Fe-doped  synthetic  composition. 

Resorption  of  diamond  is  thought  to  occur  within  transporting  kimberlite  magma  (Robinson 
et  al.,  1989)  and  in  the  upper  mantle  (Taylor  et  al.,  1995).  The  present  experiments  clearly 
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demonstrate  that  diamond  resorbed  in  the  kimberlite  melts  in  the  graphite  stability  field.  The 
resorption  features  observed  are  similar  to  those  reported  from  natural  diamonds  (Frank  and  Lang, 
1965;  Robinson  et  al.,  1989).  The  results  suggest  that  the  resorption  of  diamond  to  kimberlitic  melt 
is  a  process  highly  depending  on  temperature,  time,  carbon  concentration  and  oxidation  state  of  a 
resorption  agent.  Higher  temperature,  higher  oxidation  state,  and  lower  CO2  concentration  of  the 
kimberlitic  melts  seem  to  be  favorite  conditions  for  the  dissolution  of  diamond  to  kimberlite  melt.  It 
is  likely  that  carbon  was  dissolved  in  the  melt  as  CO2. 

Acknowledgments 

The  author  is  grateful  to  Akaishi,  M.,  Yamaoka,  S.,  Kanda,  H.  for  discussion  and  technical 
assistance.  He  also  thanks  Nakayama,  K.,  Inoue,  M.,  and  Ohkubo,  K.  for  technical  assistance.  Part 
of  this  research  was  supported  by  the  Grant  in  Aid  for  General  Scientific  Research  from  the  Ministry 
of  Education,  Science  and  Culture  (05231216). 


References 

Arima,  M.,  Nakayama,  K.,  Akaishi,  M.,  Yamaoka,  S.,  and  Kanda,  H.  Geology,  21,  968-970,  1993. 

Frank  ,  F.C.,  and  Lang,  A.R.,  In  Physical  Properties  of  Diamond,  Berman,  ed..  Clarendon  Press,  Oxford,  p.  69-1 15, 
1965. 

McCallum,  M.E.,  Huntley,  O.M.,  Falk,  R.W.,  and  Otter,  M.L.,  In  Meyer,  H.O.A.  and  Leonardos,  O.H.  eds. 
Diamonds,  Characterization,  Genesis  and  Exploration.  Proceed.  5th  Intern.  Kimb.  Conf.  vol.  2.,  p.  32-50, 
CPRM,  Rio  de  Janeiro,  1994. 

Navon,  O.,  Hutcheon,  I.D.,  Rossman,  G.R.,  and  Wasserburg,  G.J.,  Nature,  310,  198-202,  1988. 

Otter,  M.L.,  McCallum,  M.E.,  and  Gurney,  J.J.,  In  Meyer,  H.O.A.  and  Leonardos,  O.H.  eds.  Diamonds, 
Characterization,  Genesis  and  Exploration.  Proceed.  5th  Intern.  Kimb.  Conf.  vol.  2.,  p.  15-31,  CPRM,  Rio  de 
Janeiro,  1994. 

Robinson,  D.N.,  Scott,  J.A.,  Van  Niekerk,  A.,  and  Anderson,  V.G.  In  Ross,  J.  et  al.,  ed.  Kimberlite  and  Related 
Rocks,  v.  2.  GSA  Special  Publication,  No.  14,  Blackwell,  Carlton,  p.  990-1000,  1989. 

Sunagawa,  I.,  In  Sunagawa,  I.,  ed..  Material  science  of  the  Earth's  interior.  Terra  Scientific,  Tokyo,  p.  303-330, 
1984.. 

Taylor,  W.R.,  Bulanova,  G„  and  Milledge,  H.J.  Ext.  Abst.  6th  Intern.  Kimb.  Conf.  606-610,  1995. 

van  Enckevort,  W.J.P.  Journal  of  Crystal  Growth,  119,  177-194,  1992. 


34 


Relationships  between  garnet  and  clinopyroxene  in  Vitim  mantle 
xenoliths:  evidence  of  the  polystage  growth  and  melt  percolation  ? 

Ashchepkov  I.  V1,  Salters  V.J.R.2,  Andre  L.3 

1.  UIGGMSD  RASc,  Novosibirsk,  Russia,  pr.  Ac.  Koptuga  3 

2.  Dept  of  Geol,  FSU,  Talahassee,  Florida,  US 

3.  Royal  Museum  of  the  Central  Africa,  Tervuren,  Belgium 


Mineral  grains  from  Vitim  garnet  lherzolites  were  analyzed  for  the  trace  elements 
with  the  SIMS  and  ICP  MS  techniques.  The  variations  of  the  trace  element  geochemistry 
reveal  the  heterogeneity  of  the  mineral  grains  what  is  much  more  pronounced  for  the  garnet 
then  for  the  clinopyroxenes. 

The  REE  patterns  for  the  melts  parent  for  the  garnet  and  clinopyroxenes  determined 
using  the  D  mineral-melts  are  essentially  different.  These  can’t  be  produced  by  the 
discrepancy  in  the  partition  coefficients  because  the  temperature  for  common  garnet 
lherzolites  vary  within  1000-1 100°C  rarely  rising  up  to  1200°C.  The  D  Ga/melt  used  was 
calculated  from  the  D  Ga/Cpx  equilibrated  garnet  peridotite  and  D  Cpx/melt  (Hart,  Dunn,  1993). 
Garnet  parental  melts  often  reveal  Ce  minimums  fluctuated  at  the  same  sample  and  grain. 
They  also  reveal  elevated  La  and  Ce  and  convex  downward  L-MREE  part.  This  features 
together  with  the  similarities  at  HSFE  with  the  experimentally  obtained  mantle  garnets  in 
lherzolites  (Sweeney  et  al.,  1995)  may  indicate  the  origin  from  carbonatite  intergranular 
liquid  capable  for  the  growth  of  garnet  in  some  rocks.  The  minor  interstitial  Ce-  carbonate 
may  be  the  reason  of  Ce  anomalies.  LREE  -  MREE  depression  may  be  modeled  with  the 
AFC  process  when  Gar  dominate  at  the  melting  material  and  Cpx  is  more  abundant  at  the 
crystallizing  assemblage.  The  elevated  HREE  part  for  garnet  parent  melt  may  indicate  the 
dissolution  of  early  formed  garnets. 

The  melting  degree  for  the  melts  producing  garnet  is  slightly  lower  then  that  of  the 
clinopyroxenes  and  the  calculated  melting  ensemble  is  more  enriched  in  clinopyroxene  and 
garnet  comparing  with  those  estimated  for  the  melt  in  equilibrium  with  the  clinopyroxenes. 
The  minerals  are  suggested  to  be  formed  from  the  thin  films  of  the  percolated  low  degree 
volatile  enriched  partial  melt  which  may  vary  in  their  composition  during  time  and  the  stages 
of  the  percolation.  The  degree  of  melting  agree  with  the  amount  of  the  interstitial  glasses.  The 
calculated  difference  between  the  bulk  rock  and  those  determined  from  the  minerals  also 
satisfy  the  composition  of  the  partial  melt  with  the  melting  degree  near  1-1.5%  which  is  close 
to  determined  with  the  fraction  melt  equations. 

Garnet  and  clinopyroxene  in  several  types  of  lherzolites  are  at  the  different  structural 
positions.  For  slightly  higher  in  temperature  lherzolite  subgroup  where  the  large  garnet  grains 
are  surrounded  with  the  olivine  aggregate  forming  channels.  At  the  other  grains  the  rounded 
garnet  -  two-pyroxene  clusters  with  the  subordinated  olivine  are  typical.  They  may  be 
produced  due  to  the  decomposition  of  earlier  (majorite?)  garnet.  At  the  third,  relatively  lower 
temperature  group,  garnet  and  clinopyroxenes  form  the  equilibrated  intergranular  aggregate 
which  is  found  as  the  microvein  associations  at  the  structure.  In  several  lherzolites  of  such 
type  the  intergranular  association  is  represented  with  the  spinel  clinopyroxene  ensemble 
which  form  the  lenses  of  percolation  at  the  garnet  lherzolite  structure.  And  the  last  is  the  thin 
garnet  rims  around  the  large  spinel  grains  which  were  formed  as  a  result  of  cooling  or  more 
probably  due  to  reaction  with  the  moving  phase. 

The  trace  element  compositions  melt  produced  garnet  and  clinopyroxene  at  the 
equilibrated  and  equigranular  structures  with  the  signs  of  percolation  reveal  spoon  like 
patterns  suggesting  chromotographic  effect  or  AFC  (Figl  .)•  Those  with  the  larger  porphyric 
garnets  differ  in  composition  of  the  parent  melts  for  this  two  minerals  that  are  suggested  to  be 
formed  during  the  several  stages  of  the  percolation.  Thus  the  disequilibrium  between  garnet 


and  clinopyroxene  is  a  common  feature  of  the  mantle  lherzolite  assemblages  as  was  found 
from  the  isotopy  (Gunther  ,  Jagoutz,  1994) 
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Fig.  1 .  The  REE  patterns  for  the  melts  in  equilibrium  with  the  garnets  and  clinopyroxenes  in 
Vitim  lherzolites.  Analized  mineral  patterns  and  their  modelled  compositions. 
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Introduction 

Diamonds  along  the  Inini  River  in  southwestern  French  Guiana  were  first  reported  by  the  Bureau  de 
Recherches  Geologiques  et  Minieres  (B.R.G.M.)  in  1975  during  research  conducted  under  the  “Mineral 
Inventory  Program  of  French  Guiana”.  A  definite  diamond  source  rock  was  discovered  by  Guyanor 
Ressources  S.A.  in  1995  by  means  of  stream  sediment  sampling,  surface  mapping,  geochemistry  and 
geophysics  within  a  25  km2  area  in  the  Inini  Greenstone  Belt  of  Central  French  Guiana.  This  microdiamond- 
rich,  xenolith-free  and  highly  deformed  talc  schist  with  a  texture  varying  from  ash  tuff  to  lapilli  tuff  to  breccia 
has  an  unusual  diamond  host  rock  mineralogy.  Characterization  of  the  mineralogy,  indicator  minerals  and 
diamonds  of  the  talc  schist  to  further  constrain  the  host  rock  and  source  of  the  diamonds  is  the  subject  of  a 
MSc.  project  of  L.M.B.  currently  in  progress. 

Geologic  Setting 

The  talc  schist  has  an  extent  of  at  least  5  km  north  to  south  and  varies  in  width  from  350  to  1000  metres. 
Its  occurrence  is  within  the  Paramaca  Series  (2.11  +/-  0.09  Ga)  (Gruau  et  al.,  1985),  which  is  described  as 
a  succession  of  pre-orogenic  ultramafic,  mafic,  intermediate  and  acidic  lavas  and  shale- greywacke  sediments 
(Choubert,  1974).  The  Paramaca  greenstone  belt  is  part  of  an  Early  Proterozoic  mobile  belt  (-2.2-1.9  Ga) 
stretching  across  the  northeastern  Guiana  Shield  and  including  greenstone  belts  of  Suriname,  Guyana  and 
Venezuela  (the  Marowijne  Group,  Barama-Mazaruni  Supergroup  and  the  Carichapo-Pastora  Group, 
respectively)  (Gibbs  and  Barron,  1983;  Texeira  et  al.,  1989;  Tassinari,  1997).  The  metavolcanic  and 
metasedimentary  sequences  within  this  mobile  belt  have  been  deformed  and  metamorphosed  to  the 
greenschist  and  amphibolite  facies. 

Gibbs  and  Banron  (1993)  reported  ‘metakimberlites’  in  the  area  of  the  Inini  Greenstone  belt  that  are  strongly 
enriched  in  light  rare-earth  elements  and  deficient  in  the  conventional  suite  of  kimberlitic  indicator  minerals, 
possibly  destroyed  during  the  Trans- Amazonian  Orogeny  (2.2- 1.9  Ga)  of  deformation  and  metamorphism. 
If  the  talc  schist  proves  to  be  a  non-kdmberlitic  diamond-host  rock,  this  could  also  account  for  the  deficiency 
of  traditional  kimberlitic  indicator  minerals. 

Samples 

Samples  for  this  study  consist  of  drill  core  from  8  locations  to  depths  varying  between  7  to  169  metres  and 
include  specimens  collected  in  outcrop  at  2  locations  in  the  talc  schist.  Rock  samples  from  7  drill  holes  were 
processed  to  yield  magnetically-separated  heavy  mineral  concentrate.  This  concentrate  was  examined  and 
all  diamonds  and  possible  indicator  minerals  removed.  Thin  sections  were  made  of  drill  core  from  various 
depths  of  the  remaining  hole. 
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Mineralogy 

Macrodiamonds  (>1.00  mm)  from  the  talc  schist  have  been  reported.  In  early  1996,  processing  of  1.8  metric 
tonnes  of  soil  and  saprolite  from  auger  holes  yielded  8  macrodiamonds,  the  largest  being  2.4  mm.  In  mid 
1997,  an  alluvial  bulk  sample  was  collected  from  creeks  on,  and  immediately  draining  off,  the  diamondiferous 
body  (13  samples  ranging  in  size  from  3  to  17.9  m3).  Thirty-two  percent  of  the  sample  was  processed  (27.1 
m3)  yielding  5142  macrodiamonds,  with  the  largest  stone  just  over  4.5  mm.  Cubic  and  dodecahedral  shapes 
predominate  among  macrodiamonds.  More  than  90%  of  the  population  is  of  industrial  quality,  and  a  parcel 
of  diamonds  from  the  talc  schist  examined  by  2  independent  researchers  has  been  compared  to  those  from 
Argyle  in  Australia  and  the  Mbuji  Maji  diamonds  in  Zaire. 

Heavy  mineral  concentrate  from  the  small  amount  of  drill  core  available  for  the  present  study  yielded  49 
microdiamonds  recovered  from  core  of  2  drill  holes.  The  majority  of  diamonds  are  derived  from  one  drill 
hole,  DD AC-05.  All  concentrate  yielded  variable  amounts  of  spinel  and  garnet. 

The  49  microdiamonds  range  in  size  from  0.25  to  1.00  mm  and  have  an  average  size  of  0.5  mm  The  majority 
are  either  delicate  aggregates  with  rounded  knobs  or  are  broken  fragments.  Body  colour  varies  from  white 
to  off-white  to  yellow  to  pale  brown.  Inclusions  are  abundant,  the  most  common  being  black,  opaque 
minerals.  Intergrown  with  some  diamonds  are  sulphides  and  garnet. 

Subhedral  to  anhedral  chromian  spinel  (0.2- 1.5  mm)  displays  corona  textures  with  sharp  contacts  between 
an  internal  core  and  polycrystalline  rim.  A  total  of  212  garnets  greater  than  0.2  mm  were  recovered  from 
both  the  diamondiferous  and  non-diamondiferous  core.  Colour  ranges  from  pink  to  orange  to  orange-brown, 
to  mauve.  Preliminary  microprobe  results  of  51  garnets  from  the  diamond-bearing  core  reveal  a  chemical 
range  of  CaO  (0.06  to  9.28  wt  %)  and  Cr203  (0.00  to  11.16)  and  a  compositional  range  from  almandine  to 
almandine-pyrope  to  pyrope.  Plotting  chromium  versus  calcium  defines  distinct  compositional  populations: 
Lherzolitic-type  garnets  predominate,  with  a  subordinate  eclogitic  group  and  a  poorly-represented  subcalcic 
harzburgitic  population. 

The  drill  core  mineral  suite  is  dominated  by  varying  amounts  of  actinolite,  clinochlore,  phlogopite, 
magnesiohomblende,  cummingtonite,  calcite,  dolomite,  magnesite,  diopside,  enstatite  and  sulphides  with 
minor  ilmenite,  rutile,  anatase,  corundum,  tourmaline  and  magnetite.  Talc,  chlorite  and  carbonate  are  found 
to  be  the  dominant  minerals  in  thin  section.  Clinochlore  pseudomorphs  after  pyroxene(?)  in  some  of  the 
sections  impart  a  porphyroblastic  texture.  A  dominant  schistosity  with  at  least  one  overprinted  crenulation 
cleavage  suggests  a  history  of  multiple  deformation. 

Host  Rock 

Most  of  the  primary  structures  and  textures  within  the  talc  schist  have  been  destroyed  by  intense  shearing, 
hydrothermal  alteration,  weathering  and  regional  metamorphism,  thus  making  identification  of  the  original 
rock  type  very  difficult.  The  following  possibilities  are  considered:  (1)  a  primary  kimberlitic  or  lamproitic 
intrusion,  (2)  an  unusually  thick  kimberlite  siU,  (3)  a  paleoplacer  deposit,  (4)  a  low-grade  metamorphic 
kimberlite  pyroclastic  or  epiclastic  deposit  (5)  a  retrograde  assemblage  from  a  high-pressure  ultrabasic 
complex. 

The  mineral  assemblage  is  compatible  with  a  metamorphosed  ultramafic  precursor,  hence  the  possibility  exists 
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that  the  body  represents  an  unusually  thick  kimberlite  silL  The  overall  areal  extent  and  thickness  of  the  body, 
however,  make  it  unlikely  that  it  is  a  metamorphosed  kdmberlite/lamproite  dyke  or  pipe. 

If  the  talc  schist  represents  a  paleoplacer  deposit,  it  would  explain  the  absence  of  abundant  chromian  diopside 
and  ilmenite  and  the  survival  of  only  garnet  and  chromite  as  indicator  minerals.  Heavy  minerals  from  various 
sources  could  be  concentrated  by  paleocurrents  and  would  thus  provide  false  ‘trends’  in  relation  to  diamond 
potential.  It  would  be  expected  to  find  great  variation  in  diamond  grade  within  a  paleoplacer  deposit. 
Variation  in  diamond  grade  within  the  talc  schist  has  not  yet  been  firmly  established.  Thus  far,  no  diamonds 
recovered  from  the  talc  schist  display  any  evidence  of  radiation  damage  commonly  found  among  diamonds 
once  buried  in  a  sedimentary  sequence.  The  delicate  diamond  morphology  and  ultrabasic  nature  of  the  talc 
schist  are  also  inconsistent  with  this  mode  of  origin. 

The  extent  of  the  body,  the  presence  of  some  indicator  minerals  and  a  texture  in  outcrop  varying  from  ash 
tuff  to  lapilli  tuff  to  volcaniclastic  breccia  are  compatible  with  a  kimberlitic  pyroclastic  or  epiclastic 
precursor.  It  is  possible  that  subsequent  metamorphism  and  deformation  obliterated  any  original  internal 
structure  in  the  host  rock,  such  as  bedding.  The  delicate  diamond  morphology  in  the  talc  schist  could  be 
consistent  with  this  type  of  formation  as  it  is  possible  that  the  abundant  microdiamonds  are  a  product  of 
fragmentation  of  larger  diamonds  during  explosive  episodes. 

If  the  talc  schist  represents  part  of  a  layered  ultrabasic  massif,  large  tectonic  transport  would  have  been 
required  to  emplace  the  host  rock  into  the  surrounding  metavolcanic  and  metasedimentary  rocks  which  show 
no  apparent  high-pressure  history.  If  this  is  the  case,  one  might  also  expect  relict  igneous  layering  to  be 
preserved. 
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THE  FEATURES  OF  THE  MORPHOLOGY  CRYSTALLINE  INCLUSIONS 
AND  THE  REAL  STRUCTURE  OF  DIAMOND 

Y.P.  Barashkov,  S.B.  Talnikova 

Yakut.  Institute  of  Geosciences,  39,  Lenin  Pr.,  Yakutsk,  677891,  Republic  Sakha,  Russia 

The  morphologic  varieties  of  crystal  inclusions  in  diamonds  have  been  studied  quite  sufficiently  and 
the  results  of  such  studies  are  comprehensively  covered  in  various  publications.  The  external  form 
of  syngenetic  inclusions  in  diamonds  is  a  classic  example  of  “supressed”  growth  forms.  It  has  been 
determined  that  in  the  majority  of  cases  the  morphology  of  inclusions  is  entirely  induced  by  the 
diamond  itself  and  that  it  does  not  depend  on  the  mineral  type  and  the  syngony  of  the  enclosed 
mineral  (Sobolev  et  all,  1972,  Bartoshinsky  et  all,  1980).  Depending  on  the  degree  of  form 
distortion,  the  following  three  types  of  crystal  inclusions  in  diamonds  are  distinguished:  pseudo- 
prismatic,  pseudo-tabular  and  pseudo-octahedral. 

As  shown  by  goniometric  measuring  and  studies  of  internal  structure  of  natural  diamonds,  the  face 
of  an  octahedron  {111}  is  the  only  active  form  of  crystal  growth,  which  has  its  own  pyramid  of 
growth.  All  other  flat  surfaces  are  not  faces  from  the  point  of  view  of  crystallography.  Such  simple 
figures  as  a  cube  {100},  a  rhombic  dodecahedron  {110},  a  trigonomic  trioctahedron  {113}  and 
others  are  in  factin  hibitory  planes  because  they  do  not  have  their  own  pyramids  of  growth  and  are 
formed  when  octahedron  faces  check  out.  According  to  the  fundamentals  of  crystallography,  the 
growth  of  a  crystal  is  registered  only  if  the  incorporation  of  a  particle  (an  atom  or  a  molecule)  does 
not  affect  the  energy  of  the  surface.  According  to  the  Hartman-Purdock  theory  ofperiodic 
correlation  chains,  octahedral  faces  in  a  diamond’s  crystal  lattice  in  the  presence  of  enighboring 
minerals  are  defined  as  “atom  smooth”  F-faces,  while  S-(110)  and  K-(100)  faces  are  defined  as 
“atom  grainy”  faces.  New  particles  join  “atom  smooth”  surfaces  at  fissures  which  are  clustered  at 
levels,  which  are  generated  by  various  sources.  As  a  result  of  this  the  level  is  tangentially  moving 
along  the  plane  surface.  In  this  situation  the  growth  of  a  crystal  takes  place  layer  by  layer,  and, 
accordingly,  the  smooth  faces  grow  respectively  (the  so-called  layered  or  tangential  growth 
mechanism). 

The  macro-morphology  of  a  crystal,  the  relief  of  faces  give  us  reason  to  define  the  atom  mechanism, 
the  cynetics  and  the  processes  of  layered  or  normal  growth  of  a  crystal.  The  consecutive  reduction 
of  face  surfaces  of  a  natural  diamond  octahedron,  formed  by  layers  of  various  relieves  (from  finest 
to  the  grainiest),  allows  us  to  define  the  layered  mechanism  of  crystal  growth.  The  layers  are 
generated  in  the  central  part  of  the  face  and  grew  from  the  center  to  the  periphery.  In  this  case  the 
speed  of  the  crystal  growth  is  defined  by  the  cynetics  of  processes  on  the  surface  of  face  and  does 
not  depend  on  the  speed  of  atom  diffusion.  It  follows  that  octahedral  diamonds  grew  in  the  cynetic 
mode  of  crystallization. 

The  study  of  crystal  inclusions  in  flat-parallel  planes,  cut  out  of  diamond  octahedrons  (110),  allows 
us  to  reveal  the  topography  of  the  enclosed  mineral  in  correlation  to  certain  diamond  growth  sectors 
and  zones.  We  have  established  a  correlation  between  the  morphology  of  mineral  inclusions  and  the 
real  structure  of  diamonds  which  contain  them.  The  above  three  main  types  of  crystal  inclusions  are 
orderly  oriented  in  accordance  with  a  diamond  symmetry  elements  and  are  closely  correlated  to  its 
internal  structure. 

Pseudo-prismatic  inclusions  are  always  oriented  longitudinally  along  one  of  the  diamond’s 
octahedron  edges.  The  pseudo-faces  of  inclusions,  the  parallel  faces  {111}  of  a  diamond  are  well 
developed  and  flat.  The  induced  hatching  on  such  faces  is  not  observed,  as  a  rule.  This  is,  evidently. 


40 


explained  by  the  fact  that  the  deviation  of  induced  faces  from  average  plane  of  a  pseudo-face  {111} 
is  minor  and  that  the  subsequent  consolidation  of  the  induced  surface  took  place.  The  consolidation 
of  induced  faces,  which  form  the  curvilinear  surface  at  the  spot  of  pseudo-edges,  most  adequately 
explains  the  observed  curve  of  the  tops  and  edges  of  such  inclusions  and  their  flowed  surface. 

Pseudo-tabular  inclusions  have  very  well  developed  opposite  faces,  which  lie  in  the  octahedron 
plane  (111).  The  flattening  of  such  inclusions  is  perpendicular  to  one  of  the  triplex  axes  of  a 
diamond  crystal.  Other  pseudo-faces  are  less  well  developed  and  often  have  induced  faces. 
Considerably  flattened  tabular  inclusions  can  be  also  referred  to  this  morphological  variety.  The 
most  well  developed  pseudo-faces  do  not  always  refer  to  the  same  crystallographic  zone.  An  olivine 
inclusion  of  a  tabular  shape  shows  that  the  induced  faces  belong  to  at  least  two  crystallographic 
zones.  In  such  cases  the  neighboring  pseudo-faces  are  projected  to  the  same  plane. 

Inclusions  of  the  pseudo-octahedral  type  are  shaped  as  inverted  diamond  crystals  (see  Fig.).  The 
pseudo-faces  and  pseudo-edges  of  the  enclosed  mineral  are  regularly  oriented  relatively  the 
respective  faces  and  edges  of  the  host  diamond.  Some  pseudo-faces  of  inclusions  are  covered  by 
fine  induced  hatching.  But  in  most  cases  octahedral  pseudo-faces  of  inclusions  have  a  smooth  and 
plane  surface.  In  this  case  the  deviation  of  induced  faces  from  the  average  surface  of  inclusion’s 
octahedral  pseudo-face  was  insignificant  and  was  followed  by  the  consequent  leveling  of  its  relief. 
The  appearance  of  roundish  shape  of  inclusions  is  adequately  explained  by  the  fusion  of  induction 
faces,  which  form  the  curvilinear  surface  at  the  octahedron’s  pseudo-edges. 


Figure:  Schematic  drawing  clinopyroxene  Inclusion  of  octahedral  shape  in  a  diamond,  a) 
projection  to  a  plane  (111).  The  dotted  line  shows  the  diamond  crystal  summit  movement 
line,  b)  projection  of  a  plane  (100).  The  top  of  the  crustal  which  “captured”  the  inclusions  is 
ground  along  (100). 


Among  inclusions  of  pseudo-octahedral  type  we  can  find  hemimorphous  crystals  which  have  half  of 
the  most  well  developed  octahedron’s  faces,  as  a  result  of  which  they  look  like  pyramids.  Inclusions 
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of  cubic  octahedral  type  with  polycentric  formation  of  faces  represent  a  variety  of  inclusions  of 
pseudo-octahedral  type  (Sobolev  et  all,  1983). 

For  the  first  time  we  carried  out  a  study  of  inclusions  in  such  morphological  varieties  of  diamonds 
as  dodecahedrons  and  cubes.  The  visually  observed  rough  zonal  coloring  in  cubic  diamonds  of  the 
2-nd  and  3-rd  mineral  varieties  is  caused  by  micro-inclusions,  which  concentrate  in  the  zones  and 
sectors  [100],  giving  them  darker  color.  These  micro-inclusions  are  located  in  three 
interperpendicular  planes  (100),  forming  a  sagenite-like  lattice. 

Attention  should  be  paid  to  clusters  of  two  and  even  three  mineral  inclusions  which  have  the  shape 
of  a  monolithic  crystal.  We  observed  inclusions  of  pseudo-octahedral  shape  which  consisted  of 
garnets  and  pyroxenes,  sulfides  and  silicates,  chromite  and  pyroxenes.  The  accretion  surface  of 
these  minerals  is  always  smooth,  without  any  traces  of  concurrent  growth,  while  the  accretion 
surface  of  such  clustered  inclusions  with  the  diamond  is,  undoubtedly,  in  induced.  The  issue  of 
formation  of  such  inclusions  and  the  prevalence  of  inverted  diamond  prints  in  them  is  still  open  to 
discussion. 

Thus,  the  analysis  of  the  morphology  of  syngenetic  inclusions  in  diamonds  shows  the  predominant 
development  of  octahedral  faces.  Let  us  discuss  the  possible  mechanism  of  formation  of  such 
inclusions.  As  we  know,  the  growth  elements  of  real  crystals  are  pyramids  of  face  growth,  the 
planes  of  edge  movement  and  the  summit  movement  lines.  Accordingly,  we  can  identify  respective 
forms  of  crystals  which  can  be  positive  and  inverted.  In  the  process  of  growth  the  diamond  crystal 
“ousts”  the  neighboring  growing  mineral.  The  surface  of  contact  between  the  mineral  and  the 
diamond  is  characterized  by  slower  growth,  this  is  why  the  diamond  grows  in  this  zone  slower  than 
in  other  zones,  forming  an  “indent”  -  a  negative  growth  element.  Depending  on  which  part  of  the 
diamond’s  surface  contacted  with  the  growing  mineral,  the  diamond  can  register  negative  values  of 
face  {111},  edge  <11 0>  or  summit  [100]  growth.  These  negative  growth  elements  “capture”  the 
repelled  syngenetic  minerals. 

The  above  gives  us  reason  to  conclude  that  there  is  a  connection  between  the  external  morphology 
of  syngenetic  inclusions  and  the  elements  of  a  diamond’s  real  structure.  “Captured”  minerals  of 
pseudo-tabular  type  are  correlated  with  pyramids  of  face  growth  {111},  minerals  of  pseudo- 
prismatic  type  -  with  the  planes  of  edge  movement  (110)  and  inclusions  of  pseudo-octahedral  type  - 
with  summit  movement  lines  [100].  The  fact  that  the  inverted  shape  of  syngenetic  inclusions  in 
diamonds  is  caused  by  growth  processes  is  partially  confirmed  by  the  results  of  experiments  on 
recrystallization  of  diamonds.  These  experiments  yielded  diamonds  which  contain  inclusions  of 
alloys  of  Ni  and  Mn  and  a  mixture  of  C02,  H2,  N2  and  others,  which  have  a  shape  of  inverted 
diamond  crystals  (Bakumenko  et  all,  1984).  The  inclusions  components  register  the  composition  of 
the  environment  in  which  the  experiments  were  carried  out. 
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Since  1982,  more  than  20  shallow-dipping  hypabyssal  kimberlite  sills  have  been  discovered  near 
the  Quebrada  Grande,  a  tributary  of  the  Rio  Guaniamo,  in  SW  Estado  Bolivar,  Venezuela.  The  majority 
of  discoveries  were  made  by  artisanal  miners  through  overdeepening  of  alluvial  pits  by  hydraulic  mining 
or  were  exposed  in  hand-dug  vertical  shafts.  The  Guaniamo  kimberlites  are  all  diamondiferous  to  some 
degree.  Micro-  and  macrodiamonds  (>0.5  mm)  can  be  recovered  from  the  majority  of  kimberlite 
exposures  and  overall  grades  are  thought  to  be  locally  in  excess  of  1.5  carats  per  tonne  (Nixon  et  al. 
1994).  While  there  are  several  studies  of  pyrope  garnets  from  the  Guaniamo  kimberlite  field  (Nixon  et 
al.  1992,  1994;  Meyer  and  McCallum,  1993)  there  are  no  comprehensive  studies  of  chromites 
(chromium  spinels). 

Herein  are  presented  the  results  of  a  study  of  chromites  retrieved  from  heavy  mineral 
concentrates  prepared  from  several  saprolitised  kimberlites.  The  grains  range  in  size  from  0.25  to  1.0 
mm,  and  are  rarely  larger.  Chromites  are  easily  recognized  by  their  faceted  octahedral  shapes, “with 
rounded  and  slightly  resorbed  faces  and  a  typical  brushed  metal  lustre".  In  addition,  garnet  and  olivine 
inclusions  were  extracted  by  crushing  from  selected  chromite  macrocrysts.  Indicator  mineral  garnet 
populations  differ  significantly  between  individual  sills.  Chromite  populations  show  correspondingly  less 
variability.  There  are  also  differences  in  the  morphology  (size,  colour  and  crystal  form)  of  recovered 
diamond  populations  and  anecdotal  evidence  of  variable  diamond  grades.  This  implies  that  each  sill 
represents  a  discrete  mantle  sampling,  and  a  separate  intrusive  event,  and  that  the  sills  are  not  part  of 
one  interconnected  body  as  previously  suggested  by  Nixon  et  al.  (1992). 

Chromites  typically  appear  homogeneous  in  electron  backscatter  imaging,  however  there  are  rare 
examples  where  cores  are  mantled  by  compositionally  slightly  higher  Cr203  and  very  low  A1203  (1.67- 
2.36%)  rims.  These  may  be  a  product  of  reaction  with  kimberlite  magma  or  a  pre-emplacement 
metasomatic  event.  Many  of  the  microprobe  analyses  are  close  to  or  within  diamond  inclusion  and 
intergrowth  compositional  fields.  Chromites  with  low  A1203  and  >62%  Cr203  are  considered  significant 
indicators  of  diamond  content  (Sobolev,  1977).  High  proportions  of  Guaniamo  chromites  plot 
compositionally  within  the  Cr203-Ti02-  A1203  inclusion  fields  of  chromites  encapsulated  in  Russian 
diamonds  (Sobolev  etal .,  1993)  and  the  fields  of  Fipke  etal.  (1995),  but  have  lower  MgO  contents  than 
fields  portrayed  on  MgO  vs.  Cr203  plots  of  Gurney  and  Zweistra  (1995)  and  Fipke  et  al.  (1995). 

As  part  of  this  study,  fourteen  inclusion-bearing  chromites  were  selected  from  a  population  of 
350  grains  recovered  from  the  Desayuno-2  kimberlite.  The  inclusion-bearing  chromites  demonstrate 
narrow  variations  in  chromium,  but  wider  variations  in  MgO  (10.7  -  13.0  wt%).  A  total  of  10  olivine 
and  4  garnet  inclusions  were  recovered.  One  chromite  grain  (Ven-19)  yielded  two  garnet  grains  of 
different  composition,  mostly  in  respect  of  Cr  content.  Both  Iherzolitic  and  harzburgitic  parageneses 
are  represented.  Temperature  estimates  for  co-existing  olivine-chromite  pairs  were  calculated  using  the 
method  of  O’Neill  and  Wall  (1987).  Results  indicate  equilibration  temperatures  of  800- 1000° C.  This 
result  is  nearly  identical  with  results  of  nickel  thermometry  on  Iherzolitic  and  harburgitic  Guaniamo 
garnets  by  Nixon  et  al.  (1994)  which  yielded  temperatures  predominantly  in  the  range  850-1 000 °C. 
Both  results  are  lower  than  the  870-1280°C  derived  from  30  bimineralic  garnet  and  clinopyroxene 
Guaniamo  diamond  inclusions  of  eclogitic  paragenesis  by  Sobolev  et  al.  (this  volume). 

These  estimates  suggest  that  diamond  formation  may  be  at  higher  temperatures,  and  potentially 
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spatially  isolated  from  peridotite  domains.  The  evidence  that  diamond  inclusion  populations  from 
Guaniamo  overwhelmingly  reflect  eciogitic  parageneses  (99.4%  E-type,  Sobolev  et  al,  this  volume)  is 
highly  enigmatic.  Eciogitic  indicator  minerals  are  extremely  rare  at  Guaniamo.  This  may  be  an  artefact 
of  tropical  weathering,  which  tends  to  strip  pyroxenes  and  calcic  almandine  pyropes  from  saprolitic 
horizons.  A  corresponding  rarity  of  eciogitic  minerals  in  fresh  kimberlite  rock  has  still  to  be  confirmed, 
however  preliminary  observations  from  diamond  drill  core  suggest  that  such  is  the  case.  The  dearth  of 
chromite  and  subcalcic  pyrope  garnet  inclusions  in  diamonds  is  also  unexplained.  An  abundance  of  such 
inclusions  would  be  expected  given  the  favourable  numbers  of  Guaniamo  chromite  and  harburgitic 
garnets  with  worldwide  “inclusion  type”  chemistries.  Only  two  chromite  inclusions  have  been  recovered 
(Sobolev  et  al.,  this  volume).  These  results  call  into  question  the  practice  of  using  indicator  minerals  to 
forecast  the  diamond  grades  of  kimberlite  bodies,  since  here  the  favourable  indicator  minerals  observed 
appear  to  be  only  marginally  represented  in  the  zone  of  diamond  genesis,  though  paradoxically,  the 
forecasted  high  grade  nature  of  the  kimberlites  is  borne  out  by  results  of  mining.  A  further  interesting 
feature  of  the  Guaniamo  kimberlites  is  the  complete  lack  of  ilmenite  or  garnet  from  the  megacrystic 
(discrete  nodule)  suite. 

The  Guaniamo  area  is  possibly  underlain  by  an  unusual  mantle  stratigraphy.  It  is  relatively  close 
to  the  northern  edge  of  the  Guiana  Shield  in  a  “Proton”  (Janse  and  Sheahan,  1995)  and  not  in  the  thicker 
Archean  nucleus  of  the  craton  where  diamondiferous  kimberlites  are  conventionally  expected  to  occur. 
The  field  follows  the  Cabruta-Uraicoera  shear  zone,  which  extends  from  the  craton  margin  at  the  Rio 
Orinoco,  south-southeast  into  Brazil.  The  Cabruta  shear  may  be  a  mobile  zone,  similar  to  that  which 
hosts  the  Argyle  lamproite.  The  presence  of  numerous  sills,  given  the  current  deep  level  of  erosion,  is 
also  intriguing.  A  lack  of  cap  rocks  which  could  have  impeded  the  upward  passage  of  kimberlite  magma 
to  form  the  sills,  suggests  that  the  kimberlites  were  emplaced  into  an  unusual  tectonic  stress  regime. 
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Primary  and  related  diamond  occurrences  within  a  Phanerozoic 
subduction  regime  in  eastern  New  South  Wales,  Australia 

Barron,  L.M.l,  Lishmund,  SR.*,  Oakes,  G.M.*,  and  Barron,  B.J.2 

1.  New  South  Wales  Department  of  Mineral  Resources,  29-57  Christie  Street,  St.  Leonards,  NSW  2065,  Australia. 

2.  Consulting  Petrologist,  7  Fairview  Avenue,  St.  Ives,  NSW  2075,  Australia. 

Within  eastern  New  South  Wales,  exploration  companies  and  prospectors  have  found  small 
numbers  of  diamonds  (mostly  macros)  in  intrusives  at  17  locations  (A-R  on  Table  1),  and  in  fluvial 
material  draining  adjacent  intrusives  at  another  7  locations  (S-Y),  see  Figure  1.  The  intrusions 
range  from  Permian  to  Tertiary  age.  Macrodiamonds  have  been  recovered  from  similar  intrusives 
in  southern  Queensland.  High  sodium  garnet  occurs  at  7  primary,  2  adjacent  and  5  other  alluvial 
diamond  localities,  confirming  that  diamond  facies  rocks  have  been  sampled  (McCandless  and 
Gurney,  1989).  Alluvial  deposits  near  these  primary  locations  have  produced  close  to  two  million 
diamonds,  mostly  from  Tertiary  deep  leads  in  the  Copeton  (near  J  on  Fig.  1)-  Bingara  (50km  west 
of  J)  area  in  the  north  of  the  state,  with  smaller  production  elsewhere.  Current  small  scale 
production  from  mining  and  exploration  indicates  >90%  gem  quality. 

Together  with  diamond  occurrences  in  Victoria  and  Queensland,  these  occurrences  define  an 
eastern  Australia  diamond  province  3000  km  long  and  up  to  800km  wide  (Sutherland  et  al.,  1994). 
Most  diamond  explorers  have  searched  for  kimberlite/lamproite  or  assumed  that  the  alluvial 
diamonds  were  derived  from  an  ancient  cratonic  source.  However,  the  nearest  craton  is  over 
1000km  to  the  west,  and  kimberlite/  lamproite  have  not  been  found.  A  local  derivation  from  a 
high  grade  source  is  indicated  by  the  distinct  tribal  character  of  the  alluvial  diamonds  and  by  their 
low  levels  of  surface  damage  (MacNevin,  1977). 

The  eastern  New  South  Wales  tectonic  setting  is  unlike  that  for  conventional  diamond  deposits, 
involving  a  Phanerozoic  sequence  of  accreted  subduction  terranes,  with  relatively  thin  crust,  high 
heat  flow  and  a  maximum  age  of  550Ma  for  the  basement  (Scheibner,  1996).  The  diamonds  have 
unusual  features  including  rounded  shapes,  extreme  durability  (Joris  1986),  heavy  carbon  isotopic 
composition/  calcsilicate  mineral  inclusions/  low  and  very  high  levels  of  nitrogen  (Sobolev  1984; 
Meyer  et  al.  1994,  1995),  seams,  euhedral  macro-indentations  (Barron  et  al.,  1996),  strange 
markings  and  fine  ‘bubble’  scars  on  the  surface.  Such  features  are  commonly  encountered  for 
diamonds  from  the  eastern  Australia  diamond  province. 

Barron  et  al.  (1996)  proposed  that  these  diamonds  formed  with  increasing  pressure  in  the 
descending  slab  within  a  low  temperature  window  into  the  diamond  stability  field  during  cold 
Phanerozoic  subduction,  at  half  the  depth  required  by  conventional  models.  The  diamonds  are 
trapped  and  preserved  at  depth  by  termination  of  subduction,  and  brought  to  the  surface  by 
obduction  or  by  entrainment  in  the  post-subduction  magmas  indicated  in  Table  1.  In  New  South 
Wales,  the  ages  of  520,  435,  380,  315,  and  254  Ma  represent  the  known  major  terminations  of 
subduction  (Scheibner,  1996),  representing  potential  crystallisation  ages  of  subduction  diamonds. 
Many  authors  have  invoked  subduction  in  the  formation  of  diamond,  but  mostly  the  role  of 
subduction  is  restricted  to  that  of  supply  of  carbon,  with  diamond  formation  at  conventional 
pressures  and  temperatures.  In  contrast,  Robinson  (1978),  Sobolev  (1984)  and  OReilly  (1989) 
offer  brief  suggestions  that  diamonds  can  form  during  actual  subduction  (depth  unspecified)  while 
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Kesson  and  Ringwood  (1989)  and  Sutherland  et  al.  (1994)  favour  a  depth  of  170-450  km.  These 
previous  subduction  diamond  models  cannot  explain  the  presence  of  diamond  in  eastern  Australia 
because  their  diamond  crystallisation  depths  mean  that  only  kimberlite/lamproite  can  carry  such 
diamonds  to  the  surface,  yet  such  rocks  appear  to  be  absent  in  eastern  NSW. 

The  subduction  diamond  model  of  Barron  et  al  (1996)  predicts:  diamond  ages  and  geographic 
distribution  relate  to  New  South  Wales  tectonic  provinces  (younger  age  eastwards);  diamond 
types  and  grades  depend  on  the  original  source  rocks  (trench  sediments,  ocean  floor  basalt, 
oceanic  lithosphere);  micro  diamonds  will  be  scarce  while  solid  state  growth  from  graphitic 
sediments  produces  close  packed  unzoned  diamonds  with  growth  shapes  that  include  large 
euhedral  indentations;  nitrogen  aggregation  states  will  be  anomalous;  alkali  basaltic  magmas  carry 
diamonds  to  the  surface;  the  association  of  certain  types  of  sapphire  with  diamond  in  alluvial 
deposits  in  eastern  Australia  (Lishmund  &  Oakes  1983;  Oakes  et  al.  1996).  There  are  implications 
for  diamond  exploration  within  all  Phanerozoic  terranes  that  have  alluvial  diamonds. 

Published  with  the  permission  of  the  Director  General  of  the  New  South  Wales  Department  of 
Mineral  Resources. 
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Fig.  1  New  South  Wales  diamond  provinces,  based  on  major  tectonic  units  of  Scheibner 
(1996).  The  solid  symbols  refer  to  Table  1;  open  diamonds  mark  alluvial  occurrences.  These 
localities  were  found  by  Australian  Selection  (Y),  CRA  (AKLO),  Frazer  Mining  (P),  PlatSearch 
(Q),  prospectors  (BCDJNR),  Selection  Trust  (G),  Stellar (V),  and  Stockdale  (EFHIMSTUWX). 


Table  1.  New  South  Wales  localities  where  diamonds  occur  in  intrusives 


Locality 

*  =  high  sodium  garnet 

Form 

Number 

Of 

Stones 

Size 

(m  =  Micro) 

(M  =  Macro) 

Confidence 
(1  Low) 

(10  High) 

Rock  Type 

A. 

Byrock 

Lava/Plug 

1 

m 

9 

Leucitite 

B. 

Diamond  Hill 

Diatreme 

1 

m 

1 

Alkali  Basalt 

C. 

Diggers  Creek 

Diatreme 

Several 

M 

8 

Alkali  Basalt 

D. 

Goodwins  (Walcha) 

Plug/Diatreme 

Several 

M 

8 

Nephelinite 

E. 

Jugiong* 

Diatreme 

Several 

M 

8 

Nephelinite 

F. 

Kayrunnera* 

Diatreme 

1  or  >1 

unknown 

8 

Basanite 

G. 

Kings  Plains* 

Volcaniclastic 

Several 

m 

5 

Basal  itc  Tuff 

H. 

Mt  Brown* 

Diatreme/Plug 

1 

m 

9 

Basanite 

I. 

Oaky  -  Watsons  Ck 

Diatremes 

1 

M 

5 

Alkali  Basalt 

J. 

Oaky  Creek  (Pikes) 

Dyke 

Several 

M 

10 

Teschenite 

K. 

P2  (Kayrunnera) 

Diatreme/Plug 

2 

M 

10 

Basanite  (?) 

L. 

Penarie* 

Diatreme 

3 

M 

10 

Nephelinite 

M. 

Prince  Charlie  Ck 

Diatreme 

1 

m 

10 

Basanite 

N. 

Ruby  Hill* 

Diatreme 

Several 

M 

5 

Basanite 

0. 

The  Ovens* 

Diatreme 

1 

m 

8 

Basanite 

P. 

Vulcan 

Regolith 

Several 

M 

6 

Unknown 

Q 

Winona 

Diatreme 

1 

M 

1 

Alkali  Basalt 

R. 

Wonderland 

Volcaniclastics 

>1 

M 

6 

Basaltic  Tuff 

S. 

Carrawa 

Fluvial 

1 

m 

10 

Basanite 

T. 

Gobarralong  1 

Fluvial 

Several 

M 

10 

Alkali  Basalt 

U. 

Gobarralong  2 

Fluvial 

1 

m 

8 

Minette 

V. 

Isabella  Bridge* 

Fluvial 

1 

M 

10 

Basanite 

W. 

Red  Hill  2 

Fluvial 

1 

m 

8 

Unknown 

X. 

Red  Hill  Creek 

Fluvial 

1 

m 

8 

Unknown 

Y. 

Umbiella* 

Fluvial 

1 

M 

10 

Basanite 

48 
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Introduction 

Cenozoic  and  Cretaceous  alkali  basalts  occur  diffusely  across  an  area  of  180,000km2  in  Central 
Mongolia.  The  Cenozoic  volcanism  relates  to  two  distinct  tectonic  settings:  one  due  to  localized 
extension  associated  with  strike-slip  faults  in  the  Gobi  (33  -  30Ma),  the  other  related  to  small-scale 
rifts  adjacent  to  an  uplifted  dome,  the  Hangai  (6  -  Q.004Ma).  Mesozoic  magmatism  (117-95  Ma) 
is  restricted  to  the  Gobi  region,  and  pertains  to  a  phase  of  rifting  most  active  in  the  late  Jurassic- 
Early  Cretaceous. 

Asthenosphere  vs.  Lithosphere  vs.  Crustal  Contamination? 

Mg  numbers  of  up  to  65  are  observed  among  Cenozoic  basalts  and  up  to  67  for  some  Mesozoic 
lavas,  indicating  that  the  sample  suite  as  a  whole  is  quite  primitive  and  unfractionated. 
Furthermore,  on  a  plot  of  87Sr/86Sr  vs.  Sr  (ppm),  the  data  show  that  there  has  not  been  significant 
assimilation  of  continental  crust  (Fig.  1).  The  only  samples  that  show  significant  amounts  of  crustal 
contamination  are  the  earliest  lavas  of  the  Mesozoic  rifting  phase;  this  is  also  indicated  from 
extended  trace  element  plots.  Both  Cenozoic  and  Cretaceous  basalts  show  La/Ba  versus  La/Nb 
ratios  similar  to  those  of  ocean  island 
basalts.  High  La/Yb  (25.0  -  30.5) 
ratios  in  lavas  from  both  Cenozoic 
tectonic  settings  (i.e.  Gobi  and 
Hangai)  indicate  residual  garnet  in 
the  source;  whereas  Mesozoic 
samples  have  lower  La/Yb  ratios 
(10.3-18.9),  suggesting  little  or  no 
residual  garnet.  Thus,  the  data  are 
consistent  with  an  increase  in  the 
average  depth  of  melting  since  the 
Mesozoic.  The  deep  signature  for  the 
Cenozoic  basalts  is  present  even 
though  the  samples  span  >30  m.y. 
with  a  hiatus  of  ~24  m.y.  between 
those  erupted  at  the  different  tectonic 
settings.  Hf  isotope  analyses  in 
progress  may  help  to  constrain  this 
variation  with  time. 

A  plot  l43Nd/144Nd  versus  87Sr/86Sr 
(Fig. 2)  for  all  basalts,  compared  with 


member  from  Stosch  et  al.  (1995).  Mongolian  basalts  do  not  lie  on 
any  AFC  modelling  curves  (DePaolo,  1981)  show  that  crustal 
contamination  is  not  a  significant  process  in  their  petrogenesis.  Even 
if  multiple  curves  are  hypothesized,  the  amount  of  contamination 
required  is  in  excess  of  that  acceptable  while  still  preserving  the  high 
Mg#’s  of  the  lavas. 
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87Sr/86Sr 

Figure  2.  Plot  of  87Sr/86Sr  vs  ,43Nd/144Nd  for  Mongolian  basalts  compared 
with  peridotite  data  from  surrounding  areas  in  Mongolia  and  Baikal;  data 
sources:  cpx  (anhydr),  Tariat  -  Ionov  et  al.  (1994);  melt  pockets  -  Stosch 
et  al.  (1986);  cpx  (hyd),  Bartoy  -  Ionov  et  al.  (1992);  cpx  (anhydr),  Hamar 
Daban  and  Bartoy  -  Ionov  et  al.  (1992;  1995).  Data  for  crustal  xenoliths 
from  Stosch  et  al.  (1995)  and  this  study.  See  text  for  discussion. 


published  crustal  xenolith  data, 
indicates  that  the  basalts  are  from  a 
less  depleted  source  than  most  of 
the  xenoliths.  One  explanation  for 
this  is  that  the  basalts  were 
produced  by  mixing  between 
lithosphere-derived  melts  (i.e.  low 
eNd-high  eSr)  and  the  continental 
crust  represented  by  the  xenoliths. 
However,  given  that  major  element 
and  Sr  isotope  systematics  suggest 
little,  if  any,  crustal  contamination 
of  the  Cenozoic  lavas  has  occurred, 
we  believe  that  these  basalts  are 
derived  by  interaction  between 
enriched  lithosphere  and 
asthenosphere-derived  melts  as  they 
ascend  to  the  surface. 


Mantle  Dynamics  beneath  Mongolia 

The  prolonged  activity  and  widespread  dispersion  of  volcanism  in  the  Cenozoic  has  been  attributed 
to  numerous  models:  ‘extension’  tectonics  as  a  long-distance  effect  of  India- Asia  collision  (Molnar 
and  Tapponnier,  1975),  a  long-lived  mantle  plume  (Yarmolyuk  et  al.,  1990),  a  newly  arrived  plume 
centered  beneath  Hangai  (Windley  and  Allen,  1993),  and  a  shallow  sheet-like  thermal  anomaly 
(Barry  and  Kent,  in  press).  The  absence  of  progressively  aged  volcanism  or  high  heat  flow,  coupled 


0.5129 

0.5128 

-a  0.5127 
z 

^  0.5126 
z 

CO 
•'I' 

0.5125 

0.5124 

0.5123 

0.5122 

0  10  20  30  40  50  60  70  80  90  100  110  120  130 

age  (Ma) 

Figure  3.  Plot  of  age  vs.  143Nd/144Nd.  Sources  of  age  data:  Mesozoic  and  Cenozoic  Gobi  -  40Ar/39Ar 
(T.  Barry,  unpublished),  Cenozoic  Hangai  -  40Ar/39Ar  (Schlupp,  pers.  comm,  and  Ionov,  pers  comm.) 
combined  with  estimated  ages  based  on  field  relationships  (T.  Barry,  unpublished). 
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with  ^He/^He  ratios  of  6.5  -  10.5  ±  <30%  (R/Ra  higher  than  MORB,  but  lower  than  deep  mantle 
plume  signatures),  implies  the  volcanism  may  be  derived  from  normal  OIB-like  mantle  (T.  L.  Barry 
and  G.  Davies,  upblished  data).  Therefore,  the  main  control  on  volcanism  may  be  tectonic  thinning 
or  fracturing  of  the  lithosphere  above  an  otherwise  homogeneous  thermal  anomaly  that  has  probably 
been  present  since  the  Mesozoic. 

A  plot  of  143Nd/144Nd  versus  time  (Fig.  3)  summarizes  the  sequence  of  events  that  can  be  inferred 
from  the  Mongolian  basalt  data.  First,  the  low  Nd  isotope  ratios  of  some  of  the  earliest  Mesozoic 
basalts  (-0.5126)  is  consistent  with  the  interpretation  that  these  were  contaminated  by  continental 
crust.  Later,  however,  when  extension  was  at  its  greatest  and  less  crust  was  assimilated,  OIB-like 
ratios  are  seen  (i.e.  0.5128-0.5129).  After  a  70  m.y.  hiatus,  the  Gobi  lavas  erupted,  having  very  low 
143Nd/144Nd  ratios;  this  deviation  to  low  I43Nd/144Nd  is  not  well  understood,  but  as  discussed  above, 
it  does  not  appear  to  be  related  to  crustal  contamination.  Instead,  the  Gobi  basalts  appear  to  be 
derived  from  enriched  lithospheric  mantle.  The  younger  Cenozoic  Hangai  basalts  have  Nd  isotope 
compositions  intermediate  between  the  Gobi  and  the  Mesozoic  lavas.  This  trend  to  higher  Nd 
isotope  compositions  in  the  youngest  lavas  may  also  relate  to  a  thinning  of  the  crust  and  lithospheric 
mantle.  That  is,  as  magmatism  proceeded  during  the  Cenozoic,  the  enriched  portions  of  lithosphere 
were  progressively  removed,  leaving  behind  a  more  depleted,  asthenosphere-like  source.  A  similar 
model  has  been  proposed  for  the  evolution  of  Cenozoic  lavas  from  the  western  U.S.A  (Kempton  et 
al.,  1991;  Perry  et  al.,  1987),  suggesting  that  there  may  be  parallels  in  some  aspects  of  the  tectonic 
evolution  of  these  two  regions. 
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Eclogites,  bi-mineralic  rocks  composed  of  garnet  and  omphacite,  are  minor  but  ubiquitous 
constituents  in  mantle  xenolith  suites  brought  up  by  kimberlites  in  Archean  cratons.  They  have  been 
variously  interpreted  as  cumulates  from  mantle-derived  magmas  or  as  fragments  of  recycled 
oceanic  crust.  Recently,  some  eclogites  have  been  interpreted  as  residues  from  partial  melting  of 
oceanic  crust  to  produce  felsic  magmas  of  tonalite-trondhjemite-granodiorite  (TTG)  composition 
(Ireland  et  al.,  1994;  Rudnick,  1995;  Rollinson,  1997),  which  make  up  large  portions  of  the  crust  in 
Archean  cratons.  If  true,  this  has  important  implications:  1)  subduction  was  operative  in  the 
Archean  and  2)  one  reason  the  continental  crust  is  more  evolved  than  basalt  is  because  Archean 
crustal  growth  was  accomplished,  at  least  in  part,  by  direct  addition  of  felsic  magmas  from  the 
mantle. 

Although  the  major  and  trace  element  data  suggest  a  link  between  xenolithic  eclogites  and 
TTGs,  no  systematic  study  of  these  rocks  from  a  single  region  has  yet  been  performed  in  order  to 
test  this  hypothesis. 

We  report  here  oxygen  isotopic  and  trace  element  compositions  of  eclogite  xenoliths  from 
the  Mesozoic  Koidu  kimberlite  pipes  located  on  the  Man  Shield  of  the  West  African  Craton.  The 
Man  Shield  is  an  ideal  region  to  study  the  growth  of  Archean  cratons  for  several  reasons.  First, 
extensive  suites  of  eclogite  xenoliths  (Tompkins  and  Haggerty,  1984)  and  TTGs  (Rollinson,  1978) 
have  been  collected  from  the  same  area.  Second,  previous  petrological  and  mineral  chemistry 
studies  (Hills  and  Haggerty,  1989;  Fung  and  Haggerty,  1995)  provide  an  excellent  starting  point  for 
trace  element  and  isotopic  investigations.  Third,  Koidu  is  one  of  few  localities  where  whole  rock 
data  for  major  and  trace  elements  are  available  for  25  eclogite  xenoliths  (Hills  and  Haggerty,  1989). 

Grossular 

Fig.  1.  Garnet  compositions  from 
Koidu  eclogite  xenoliths  compared 
with  those  from  other  areas.  The 
field  encompasses  data  from 
Siberia.  Diamondiferous  eclogites 
are  restricted  to  the  low  MgO 
group. 


The  Koidu  eclogites  fall  into  two  groups,  based  on  their  major  element  chemistry:  1)  A  high 
MgO  group  (>16  wt%  MgO)  that  is  essentially  bi-mineralic  (garnet  and  omphacite),  with  only 
minor  rutile,  ilmenite,  and/or  sulfide.  2)  A  low  MgO  group  (6-13  wt%  MgO),  which  commonly 
contains  accessory  phases  such  as  kyanite,  quartz  (after  coesite),  graphite,  diamond,  amphibole, 
and/or  corundum  plus  rutile,  ilmenite,  and  sulfides  in  addition  to  garnet  and  omphacite.  The 
difference  in  bulk  composition  is  reflected  in  the  garnet  composition  (Fig.  1). 
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Results 


Oxygen  isotopic  data  were  obtained  from  17  clean  garnet  mineral  separates  by  laser 
fluorination  techniques  (Valley  et  al.,  1995).  Garnet  has  been  analyzed  because  it  is  the  freshest 
phase  in  the  Koidu  eclogites.  5180Smow  values  of  the  west  African  garnets  range  between  4.73  and 
6.09 %o  (Fig.  2).  Thus,  neither  very  heavy  nor  very  light  values,  as  reported  from  South  African 
eclogites  (between  2.2  and  8.0%o,  MacGregor  and  Manton,  1986),  are  observed.  The  majority  of  the 
samples  lie  within  the  range  of  average  mantle  values  (5.5±0.4%o,  Mattey  et  al.,  1994).  Calculated 
fractionation  factors  between  garnet  (gt)  and  clinopyroxene  (cpx)  are  0.2  to  0.3 %o  (Rosenbaum  et 
al.,  1994),  depending  on  equilibration  temperature  and  composition  of  the  sample.  Therefore,  the 
isotopic  composition  of  gt  is  0.1  to  0.15 %o  lighter  than  the  bulk  rock,  assuming  equal  amounts  of  gt 
and  cpx.  If  we  apply  this  correction  to  our  gt  5180  data,  four  samples  exceed  the  mantle  range,  being 


Fig.  2.  6180Smow  for  Koidu  garnets.  The 
range  of  mantle  garnets  is  shifted  towards 
lighter  isotopic  composition  by  0.1  %o 
relative  to  the  whole  rock  mantle  range  due 
to  the  fractionation  between  garnet  and 
whole  rock.  See  text  for  details. 

G  =  graphite-bearing  low  MgO  eclogites 
K  =  kyanite-bearing  low  MgO  eclogites 
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both  isotopically  lighter  and  heavier  (Fig.  2). 
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The  high  MgO  garnets  have  a  restricted  range  of  5180  values  (5.21  to  5.54%o)  and  lie  within 
average  mantle  values.  The  low  MgO  garnets  have  a  broader  range  of  isotopic  and  major  element 
compositions.  5180  does  not  show  a  correlation  with  other  elements  (e.g.,  FeO,  CaO)  of  garnet  or 
whole  rock,  as  reported  for  Siberian  eclogite  xenoliths  (Jacob  et  al.,  1994). 

Whole  rock  trace  element  data  were  obtained  by  ICP-MS.  All  samples  show  variable 
degrees  of  enrichment  in  light  rare  earth  elements  (LREE,  Fig.  3)  and  other  highly  incompatible 
elements  due  to  kimberlite-related  alteration.  The  degree  of  LREE  enrichment  correlates  with  the 
degree  of  alteration  visible  in  thin  section.  Note  that  the  freshest  sample  (KEC  81-5)  exhibits 
depletion  of  middle  REE  relative  to  heavy  REE. 
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Fig.  3.  Mantle-normalized 
whole  rock  REE  data  for 
Koidu  eclogite  xenoliths. 
Sample  KEC  81-2  belongs 
to  the  high  MgO  group,  all 
other  samples  belong  to 
the  low  MgO  group. 
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Implications  for  the  origin  of  eclogite  xenoliths  and  Archean  crustal  growth 

The  most  compelling  evidence  for  a  crustal  origin  of  eclogite  xenoliths  are  stable  isotope 
compositions  that  deviate  from  established  peridotitic  values,  i.e.,  5180  values  that  lie  beyond 
5.5±0.4 %0  (e.g.,  MacGregor  and  Manton,  1986;  Jacob  et  al.,  1994).  Eclogites  with  high  and  low 
S180  values  are  believed  to  have  obtained  their  isotopic  compositions  through  low-  and  high- 
temperature  seawater  alteration  prior  to  subduction. 

The  observed  oxygen  isotopes  of  the  Koidu  high  MgO  eclogites  show  mantle-like  5lsO, 
indicating  either  a  mantle  origin,  hydrothermal  alteration  at  intermediate  temperatures,  or  a  lack  of 
hydrothermal  alteration.  The  restricted  range  of  compositions  (Fig.  1)  and  high  MgO,  Ni  and  Cr 
contents  (Hills  and  Haggerty,  1989)  support  an  intra-mantle  origin  for  these  samples. 

In  contrast,  the  broader  range  of  5180  of  the  low  MgO  eclogites  suggests  a  crustal  origin.  In 
addition,  the  low  MgO  contents  and  the  occurrence  of  kyanite  in  some  eclogites  put  important 
constraints  on  possible  petrogenetic  models.  Kyanite-bearing  eclogites  cannot  coexist  with 
peridotites  at  pressures  in  the  diamond  stability  field,  but  would  react  with  olivine  to  form 
pyroxenes  and  garnet.  Thus,  if  the  low  MgO  eclogites  represent  cumulates  of  fractionated  high- 
pressure  mantle  melts,  it  requires  that  these  melts  must  have  been  kept  isolated  from  the 
surrounding  peridotite.  However,  these  features  can  also  be  explained  by  metamorphism  of  mantle- 
derived  melts  that  crystallized  at  low  pressure,  i.e.,  by  subduction  of  oceanic  crust. 

The  Koidu  low  MgO  eclogite  major  element  compositions  are  similar  to  Archean  greenstone 
belts  and  complementary  to  granitoids  of  the  West  African  Craton  (Rollinson,  1997),  implying  that 
the  eclogites  are  residues  from  Archean  granitoid  crust  formation.  The  high  heavy  REE  content  of 
the  Koidu  eclogites  and  the  depletion  of  middle  REE  relative  to  heavy  REE  of  sample  KEC  81-5 
support  the  model  that  melting  of  the  mafic  protolith  occurred  in  the  garnet  stability  field.  In  situ 
Laser  ablation  ICP-MS  analyses  of  garnet  and  cpx  are  currently  underway  in  order  to  define  the  pre¬ 
entrainment  trace  element  composition  of  the  eclogites. 
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The  vertical  distribution  of  indicator  minerals  within 
Kalahari  cover  overlying  a  kimberlite  pipe. 
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The  objective  of  this  study  was  to  ascertain  the  vertical  distribution  of  indicator  minerals  in  Kalahari 
cover  material  overlying  a  kimberlite  pipe.  The  indicator  mineral  distribution  was  evaluated  in 
relation  to  proximity  to  kimberlite,  and  the  lithology  of  the  Kalahari  cover  material. 

A  borehole  was  drilled  through  50  metres  of  Kalahari  cover  before  intersecting  crater  facies 
kimberlite.  The  drill  chips  were  sampled  at  5  metre  intervals  from  surface  to  89  metres  and  the 
heavy  mineral  fraction  was  concentrated  prior  to  manually  picking  kimberlitic  minerals  using  a 
binocular  microscope  .  The  indicator  minerals  picked  include  garnet,  ilmenite,  chromite  and  chrome 
diopside.  The  concentrate  was  sieved  into  +3 00pm,  +  425pm,  +71 0pm  and  +1 000pm  fractions, 
and  the  indicator  abundances  were  recorded  for  each  fraction.  For  comparative  purposes,  all  of  the 
abundances  were  normalised  to  the  screened  weight  of  sample  processed.  Where  the  grains  were 
picked  from  a  concentrate  split  rather  than  the  full  concentrate,  the  data  was  first  normalised  to  a  per 
gram  value  prior  to  being  normalised  to  the  screened  sample  weight. 


The  results  of  the  picking  are  present  in  Table  1  and  Figure  1.  The  abundances  reflect  the  total 
normalised  count  for  all  four  size  fractions.  The  lithology  descriptions  represent  a  summary 
classification  based  on  the  detailed  borehole  logs. 


Depth  (m) 

#  Gar 

#  llm 

#  Chr 

#  CD 

#  Total 

Lithology  Descriptor 

0-5 

0.48 

2.88 

0.00 

0.24 

81.49 

Unconsolidated  Sand 

5-10 

1.48 

3.32 

0.00 

0.00 

89.67 

Unconsolidated  Sand 

10-15 

0.00 

0.80 

0.00 

0.00 

3896 

Unconsolidated  Sand 

15-20 

0.00 

1.24 

0.00 

0.00 

17.62 

Unconsolidated  Sand 

20-25 

0.00 

2.95 

0.00 

0.00 

27.27 

Unconsolidated  Sand 

25-30 

0.22 

1.95 

0.00 

0.00 

20.13 

Unconsolidated  Sand 

30-35 

0.00 

1.38 

0.00 

0.00 

25.99 

Unconsolidated  sand  with  minor  calcrete  and  silcrete 

35-40 

2.60 

9.64 

0.00 

0.00 

390.36 

White  and  pink  calcrete  and  silcrete 

40-45 

3.85 

7.69 

0.00 

0.00 

296.15 

White  and  pink  calcrete  and  silcrete 

45-50 

20.27 

95.61 

1.35 

0.00 

1436.15 

Pale  grey  calcrete  and  silcrete 

50-55 

35.08 

94.76 

0.00 

0.52 

997.91 

Pale  grey  calcrete  and  silcrete  with  scattered  opaques,  garnets,  and  serpentinised  kimberlite  fragments. 

55-60 

48.18 

134.09 

0.00 

3.64 

1212.27 

Alternating  bands  of  kimberlite  breccia  and  grey/brown  mudstone 

60-65 

91.43 

341.63 

0.00 

2.86 

3836.33 

Alternating  bands  of  kimberlite  breccia  and  grey/brown  mudstone 

65-70 

45.78 

152.32 

0.00 

2.45 

2093.46 

Alternating  bands  of  kimberlite  breccia  and  grey/brown  mudstone 

70-75 

95.83 

73.89 

0.00 

11.39 

1838.33 

Kimberlite  breccia  with  occasional  mustone  and  siltstone. 

75-80 

85.68 

207.90 

0.00 

9.63 

3417.28 

Kimberlite  breccia  with  occasional  mustone  and  siltstone. 

80-85 

48  46 

7.69 

4.23 

5.77 

1324.23 

Kimberlite  breccia  with  occasional  mustone  and  siltstone. 

85-89 

40.22 

45.39 

0.37 

3.32 

1443.54 

Kimberlite  breccia  with  occasional  mustone  and  siltstone 

Table  1:  Normalised  indicator  counts  (grain  counts  per  kg  of  screened  material)  for  indicator 
minerals,  and  summary  borehole  log. 


Total  Indicator  Count 

(normalised  to  screened  sample  weight) 


Figure  1 :  Down-hole  profile  depicting  the  total  normalised  indicator  mineral  count  of  samples 
collected  at  5  metre  intervals  through  the  borehole. 


Figure  1  and  Table  1  show  that  a  small  indicator  anomaly  is  developed  at  surface  and  in  the  first  5 
to  10  metres  of  Kalahari  sand  cover  directly  over  the  kimberlite.  Additional  recoveries  also  occur  at 
depth  in  the  kalahari  and  appear  to  be  associated  with  calcrete  and  silcrete  horizons.  The  base  of  the 
kalahari  lithology  also  shows  a  distinct  increase  in  indicator  mineral  abundance.  Within  the 
kimberlite  itself,  the  indicator  mineral  abundances  fluctuate  with  the  change  in  amount  of  kimberlite 
material  present.  Examination  of  the  breakdown  of  indicator  minerals  recovered  in  each  size 
fraction  shows  that  the  +425 pm  fraction  contains  the  highest  abundance  of  most  minerals.  In  the 
kimberlite,  ilmenite  is  by  far  the  most  abundant  indicator  mineral  present,  with  the  only  exception 
being  garnets  in  the  +3 00pm  fraction  from  the  75  -  80  metre  depth  interval.  The  predominance  of 
ilmenite  is  reflected  in  the  relative  indicator  mineral  abundances  within  the  Kalahari  cover. 
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The  presence  of  a  surface  anomaly  in  the  Kalahari  cover  above  the  kimberlite  may  be  attributed  to 
either  (a)  bioturbation,  which  has  been  observed  to  occur  to  great  depths  in  the  Kalahari,  or 

(b)  to  standard  landform  development  processes  which  have  allowed  for  the  migration  of 
indicator  minerals  upwards  through  the  Kalahari  cover. 

In  both  cases,  the  indicator  minerals  have  subsequent  to  their  transport,  been  concentrated  by  wind 
action  on  the  current  deflation  surface.  Additional  recoveries  in  the  Kalahari  cover  are  believed  to 
be  lithologically  controlled  since  they  are  associated  with  the  presence  of  increased  calcrete  and 
silcrete  within  the  profile.  These  horizons  are  interpreted  to  result  from  periods  of  quiescence 
during  which  heavy  minerals  accumulate  on  the  deflation  surface  above  the  kimberlite.  The  mineral 
anomaly  developed  at  the  contact  between  the  Kalahari  cover  and  the  kimberlite  results  from  the 
release  of  indicators  prior  to  deposition  of  the  Kalahari  sediment.  Within  the  kimberlite  crater  itself, 
the  indicator  mineral  trends  are  directly  related  to  subtle  lithological  changes.  The  alternating 
kimberlite  breccia  -  mudstone  layers  in  the  60  -  90  metre  depth  interval  are  well  depicted  in  the 
observed  mineral  trends. 

The  results  of  this  study  confirm  that  indicator  minerals  from  kimberlites  are  transported  to  surface 
through  thick  Kalahari  cover.  In  addition,  the  data  indicate  that  within  the  Kalahari  profile, 
concentration  of  indicator  minerals  occurs  in  association  with  the  development  of  calcrete  and 
silcrete.  The  presence  of  the  surface  mineral  anomaly  over  the  kimberlite  confirms  the  validity  of 
conducting  mineralogical  sampling  in  areas  with  considerable  Kalahari  cover. 


Depletion  and  enrichment  processes  in  lithospheric  mantle 
beneath  the  Baltic  Shield  (Kola  peninsula  and  Arkangelsk)  - 
evidence  from  laser  ICP-MS  analyses  of  mantle  minerals 

Beard,  A.D.l,  Mason,  P.R.D.^3  and  Downes,  H.l 
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Using  the  method  described  by  Mason  et  al  (this  volume),  high  precision  laser  ablation 
ICP-MS  data  for  incompatible  trace  elements  have  been  obtained  from  single  grains  of 
clinopyroxene,  hornblende  and  apatite  from  ultramafic  lithospheric  xenoliths  found  in 
Devonian  kimberlites  and  related  rocks  of  the  Kola  and  Arkangelsk  regions,  NW  Russia. 

Arkangelsk  spinel  and  garnet  peridotites 

The  range  of  REE  patterns  in  clinopyroxenes  from  Arkangelsk  mantle  xenoliths  is  very 
wide.  HREE  concentrations  are  often  below  chondritic  values,  indicating  that  an  extremely 
strong  depletion  has  occurred  in  this  region  of  the  cratonic  lithospheric  mantle.  This  may 
be  due  to  extensive  partial  melting,  perhaps  related  to  production  of  Mg-rich  magmas  such 
as  komatiites  during  Archaean/Proterozoic  times.  The  clinopyroxenes  show  variable 
LREE-enrichment;  their  Lan/Ybn  ratios  vary  over  several  orders  of  magnitude  (0.6-770), 
with  the  most  strongly  LREE-enriched  grains  coming  from  garnet  peridotite  xenoliths. 
Some  clinopyroxenes  from  LREE-enriched  spinel  peridotites  show  a  slight  depletion  in  La 
and  Ce  relative  to  Nd.  One  grain  from  a  spinel  peridotite  shows  a  strong  variation  in 
Lan/Ybn  from  a  LREE-depleted  core  to  a  LREE-enriched  rim,  perhaps  indicating  an 
advancing  diffusion  front  of  LREE.  This  variation  could  be  due  either  to  interaction  with 
the  host  magma  during  eruption  or  to  metasomatism  while  still  in  the  lithospheric  mantle. 

Mantle-normalised  incompatible  trace  element  patterns  for  the  clinopyroxenes  are  also  very 
variable.  Many  of  the  strongly  LREE-enriched  clinopyroxenes  are  also  enriched  in  Sr,  Th 
and  U,  but  show  large  negative  anomalies  in  Nb  and  moderate  negative  anomalies  in  Zr, 
features  common  to  many  LREE-enriched  clinopyroxenes  from  mantle  xenoliths  (Mason 
et  al.,  this  volume).  The  negative  Zr  anomaly  probably  results  from  extensive  partial 
melting.  Clinopyroxenes  that  show  low  La  and  Ce  contents  also  have  low  Rb,  Ta,  U  and 
Nb  contents;  this  feature  may  indicate  that  xenoliths  that  were  LREE-enriched  have 
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undergone  some  degree  of  subsequent  melt  removal.  Amphibole  of  probable  metasomatic 
origin  is  moderately  LREE-enriched  (Lan/Ybn  =  10.5)  and  has  very  high  concentrations  of 
Rb  (350ppm),  Nb  (8ppm),  Zr  (78ppm)  and  Sr  (640ppm). 

Kola  spinel  peridotites 

Clinopyroxene  and  amphibole  were  analysed  from  small  (l-2cm  diameter)  sheared  and 
granular  spinel  peridotite  xenoliths  in  a  monticellite  kimberlite  from  Kola  (Beard  et  al.,  in 
press).  The  sheared  xenolith  contains  metasomatic  phlogopite,  whereas  the  granular  ones 
contain  amphibole  and  apatite.  A  region  consisting  of  Cr-diopside,  chromite,  Cr-spinel, 
perovskite,  monticellite,  amphibole  and  apatite  is  present  in  one  granular  xenolith  and 
appears  to  be  a  frozen  pocket  of  precursor  melt  related  to  the  monticellite  kimberlite. 

The  clinopyroxene  data  reveal  a  lithospheric  mantle  with  moderate  to  low  levels  of  HREE. 
Clinopyroxenes  from  the  sheared  xenolith  have  Yb  concentrations  at  chondritic  levels, 
significantly  lower  than  HREE  abundances  generally  found  in  clinopyroxenes  from  spinel 
peridotites  in  Phanerozoic  regions,  confirming  the  extreme  depletion  of  the  mantle  of  the 
Baltic  Shield.  Overprinted  on  the  depletion  is  a  moderate  but  variable  enrichment  in  LREE, 
related  to  the  texture  of  the  xenolith.  Clinopyroxene  from  the  sheared  xenolith  has 
Lan/Ybn  =  4-7;  those  from  granular  xenoliths  have  greater  LREE-enrichment  with 
Lan/Ybn  =  1 1-19.  Clinopyroxene  from  the  "frozen  kimberlite  pocket"  has  a  REE  pattern 
intermediate  between  these  two.  Using  Kds  from  Zack  et  al.  (1996),  the  calculated  REE 
pattern  of  a  melt  in  equilibrium  with  these  Cr-diopsides  is  identical  to  that  of  the  host 
montcellite  kimberlite.  REE  patterns  in  amphiboles  also  vary  with  texture  of  the  xenoliths. 
Those  from  sheared  xenoliths  have  convex  upward  REE  patterns  and  low  total  REE 
contents;  those  from  granular  xenoliths  are  concave  upward  and  have  an  order  of 
magnitude  greater  total  REE  abundances.  Both  have  positive  Nb  anomalies  and  relatively 
low  U  and  Th  contents. 

In  their  mantle-normalised  trace  element  patterns,  clinopyroxenes  from  the  granular 
xenoliths  show  strong  depletions  in  Zr  and  Nb  but  are  enriched  in  Th  and  U.  Those  from 
the  sheared  xenolith  do  not  have  negative  Zr  and  Nb  anomalies.  Their  mantle-normalised 
diagrams  instead  shows  a  smoothly  humped  pattern,  with  depletion  in  both  the  least 
incompatible  elements  (Y  and  HREE)  and  in  the  most  incompatible  elements  (Rb,  Th,  U, 
Nb).  Clinopyroxenes  from  the  frozen  melt  pocket  also  lack  the  Zr  and  Nb  anomalies,  but 
are  enriched  in  Rb,  Th,  U  and  Nb.  The  trace  element  data  suggest  that  this  depleted 
lithospheric  mantle  was  metasomatised  by  magmas  related  to  the  widespread  Devonian 
ultramafic  magmatism  in  the  region. 
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Kola  hornblendites  and  glimmerites 

These  xenoliths  occur  in  lamprophyres  and  carbonatites  (Beard  et  al.,  1996)  and  range 
from  layered  pyroxenite-homblendite  rocks  to  pure  hornblendites  and  glimmerites.  Apatite 
can  be  abundant  in  the  hornblendites  (up  to  20%).  Amphiboles  from  these  metasomatic 
rocks  are  variably  LREE-enriched  (Lan/Ybn  =  5-30).  They  all  show  strong  positive  Nb 
anomalies  in  mantle-normalised  patterns  and  many  also  show  strong  positive  Zr 
anomalies,  which  correlate  with  the  presence  of  apatite  in  the  buk  rock.  Mantle-normalised 
abundances  of  Th  and  U  tend  to  be  lower  than  those  of  the  LREE,  whereas  Rb  values  are 
usually  much  higher  than  the  LREE.  These  characteristics  relate  to  the  crystal  chemistry  of 
amphibole.  In  direct  contrast  to  clinopyroxene,  amphibole  has  a  strong  affinity  for  Rb  and 
Nb,  but  rejects  U  and  Th  from  its  structure.  Apatites  from  these  xenoliths  are  extremely 
LREE-enriched  (Lan/Ybn  =  15-112)  and  have  very  large  negative  Nb  and  Zr  anomalies, 
forming  mirror-images  of  the  amphibole  patterns.  Clinopyroxene  from  the  hornblendites 
have  variable  REE  patterns  (Lan/Ybn  =5-22)  and  negative  Nb  and  Sr  anomalies;  however, 
the  clinopyroxene  with  the  highest  LREE  enrichment  (Lan/Ybn  =  108)  comes  from  a 
glimmerite  xenolith.  It  also  has  the  highest  Nb  (9ppm)  and  Zr  (170ppm)  contents.  These 
data  indicate  that  metasomatism  was  probably  related  to  a  wide  variety  of  undersaturated 
melts  and  can  produce  extreme  trace  element  enrichment  in  the  lithosphere. 
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Information  on  the  genesis  and  subsequent  history  of  diamonds  in  the  Mantle  has  generally  been  sought  by 
studying  the  composition  of  mineral  inclusions  well  protected  by  the  host  diamond,  so  that  no  interaction 
with  external  material  can  have  occurred  since  they  were  enclosed.  However,  many  diamonds  exhibit 
fractures  which  contain  inclusions  which  must  either  have  penetrated  existing  cracks  from  outside  the 
specimen  or  escaped  via  these  cracks,  whether  or  not  they  were  actually  responsible  for  their  formation. 
Other  diamonds  when  recovered  contain  minerals  exposed  in  holes,  though  these  are  generally  removed 
during  the  recovery  process  except  for  exploration  samples  or  small  stones  which  sometimes  escape  the 
cleaning  process. 

Examples  of  such  material  which  have  received  considerable  attention  are  the  phosphate  inclusions  in 
carbonado,  which  appear  to  be  secondary  occupants  of  pores  and  cracks.  If  carbonado  is  a  mantle- 
derived  form  of  diamond,  as  seems  increasingly  likely,  then  one  might  expect  other  other  imperfect 
diamonds  from  the  same  area  to  contain  similar  intrusions,  and  if  they  do  not  do  so,  this  reinforces  the 
case  for  some  unique  origin  for  carbonado. 

An  example  of  diamonds  with  material  frequently  attached  to  their  surfaces  are  the  specimens  from  New 
South  Wales,  many  of  which  have  holes  and  cracks  which  frequently  contain  specific  minerals,  and  are  the 
subject  of  a  separate  study.  In  this  poster  we  discuss  three  types  of  material: 

1)  A  large,  approximately  cubic,  diamond  which  has  small  clear  octahedral  sectors,  but  in  which  the 
dominant  cubic  sectors  have  extensive  cracks  many  of  which  reach  the  exterior  of  the  stone.  The  cracks 
broaden  into  substantial  holes  in  some  cases,  and  the  inclusions  in  these  holes  contain  a  number  of  distinct 
minerals  of  variable  composition  (Fig.  1 ),  and  an  interesting  feature  of  these  holes  and  cracks  is  that  they 
are  edged  with  a  thin  layer  of  diamond  which,  when  seen  in  cathodoluminescence,  appears  to  be  distinct 
from  the  main  stone,  suggesting  that  it  was  a  later  addition  after  the  crack  had  formed. 

2)  Plates  from  coated  stones,  which  contain  micro  inclusions  (Navon  et.  al,  1988)  for  which  the 
composition  appears  to  change  from  one  zone  to  the  next.  Previous  measurements  made  on  micro¬ 
inclusions  just  below  the  surface  of  the  polished  coat  on  another  plate  had  suggested  that  this  might  be  the 
case,  and  micro-inclusions  measured  along  a  traverse  (Fig  2.)  for  a  plate  in  which  substantial  numbers  of 
such  inclusions  could  be  seen  in  the  back-scattered  image  gave  the  normalised  elemental  percentage 
values  shown  in  Fig  3.  The  x-rays  from  subsurface  inclusions  will  be  attenuated  by  the  few  microns  of 
diamond  through  they  must  escape,  the  lightest  elements  being  most  attenuated,  and  true  inclusion 
compositions  would  need  to  be  corrected  for  this  effect,  but  ratios  for  elements  with  similar  X-ray 
energies  will  be  comparable. 

3)  Ten  small  Jagersfontein  diamonds,  on  which  a  pair  of  windows  had  been  polished  for  infrared 
spectroscopy  because  they  contain  very  large  and  poorly  defined  inclusions  surrounded  by  clear  white 
diamond  of  approximately  octahedral  habit,  had  in  seven  cases  exposed  the  central  inclusions.  In  all  cases 
the  clear  region  showed  a  small  amount  of  fully  aggregated  IaB  nitrogen  with  no  platelet  peak,  while  the 


61 


central  area  showed  the  presence  of  C02,  as  in  many  George  Creek  diamonds  (Schrauder  and  Navon 
(1993),  Chinn  et  al,  (1995)).  Microprobe  analyses  showed  the  dominant  inclusion  as  native  iron 
distributed  in  the  diamond  matrix  with  some  silicon,  orthopyroxne,  and  phlogopite.  Si02  was  also  found  in 
cracks,  but  not  yet  identified  as  quartz  or  coesite.  Table  1  contains  selected  microprobe  analysis  of  phases 
in  the  central  inclusions  in  four  of  the  diamonds. 


Table  1. 

Jag  2 
opx 

Jag  5 
opx 

Jag  10 
opx 

Jag  2 
phi 

Jag  9 
phi 

Jag  9 
phi 

Jag  9 
Fe-Si 

Si02 

45.29 

39.3 

45.17 

36.24 

38.92 

37.57 

14.71 

Ti02 

0.1 

0 

0.32 

1.17 

2.02 

1.23 

0 

A1203 

1.06 

4.15 

0.87 

7.15 

9.59 

7.47 

1.9 

FeO 

3.56 

16.45 

8.38 

6.62 

10.63 

9.8 

63.07 

MnO 

0 

0 

0 

0.1 

0 

0 

0 

Cr203 

0 

0.11 

0.1 

0 

0.42 

0.13 

0.22 

MgO 

40.51 

33.56 

41.21 

20.26 

20.43 

20.81 

6.39 

CaO 

0.36 

0 

0.15 

0.81 

0.25 

0.53 

0 

Na20 

0.58 

1.21 

0.78 

0.85 

0.83 

0.84 

0 

K20 

0 

0.25 

0 

7.26 

8.73 

7.19 

0 

Total 

91.46 

95.03 

96.98 

80.46 

91.82 

85.57 

86.29 
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Figure  1.  Typical  multimineralic  phase  inclusion  in  enlarged  crack  in  cube  sectors  of  a  large  diamond 
plate. 


Figure  2.  Schematic  representation  of  the  C/L  image  of  one  corner  of  a  coated  stone  plate  showing 
data  points  where  microprobe  analysis  of  subsurface  micro-inclusions  (1-2  pm)  were  taken.  These 
gave  normalised  elemental  analysis  showing  considerable  compositional  variation  across  successive 
growth  zones  (see  Figure.  3). 
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Figure  3. 
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Cr-poor  Megacrysts  from  the  Frank  Smith  Mine  and  the 
source  regions  of  transitional  kimberlites. 

Bell,  D.  R.  and  Mofokeng,  S.W. 

Department  of  Geological  Sciences,  University  of  Cape  Town,  Rondebosch  7700, 

South  Africa. 

Introduction.  Two  varieties  of  kimberlite,  groups  I  and  II  -  now  termed  kimberlite  and 
orangeite,  respectively,  by  Mitchell  (1995)  -  have  long  been  recognized  and  were  formally 
distinguished  on  geochemical  grounds  by  Smith  (1983)  and  Smith  et  al  (1985).  The  source 
regions  of  these  two  types  have  been  of  great  interest,  because  they  appear  quite  distinct  and 
must  reveal  something  important  about  heterogeneity  in  the  mantle  beneath  the  continents 
where  they  occur.  Determining  their  physical  location  will  contribute  a  great  deal  to 
understanding  the  petrogenesis  of  kimberlites.  As  with  most  rock  classification  schemes, 
intermediate  or  transitional  rock  types  exist  which  provide  an  opportunity  to  explore  the 
relationship  between  the  principal  categories.  It  was  recognized  as  early  as  Wagner  (1914) 
that  certain  kimberlites  of  the  Barkly-West  area  of  the  Northern  Cape,  South  Africa, 
including  the  Frank  Smith  Mine  (FSM)  displayed  features  intermediate  between  group  I  and 
group  II  kimberlites.  Skinner  (1989)  has  discussed  several  further  examples  in  southern 
Africa.  Here,  we  report  intitial  results  of  a  study  aimed  at  understanding  the  origin  of  the 
FSM  transitional  kimberlite  and  the  nature  of  its  source  region,  based  on  geochemical 
analysis  of  the  mantle-derived  and  potentially  cognate  megacryst  suite. 

The  Frank  Smith  Mine  kimberlite.  The  Frank  Smith  kimberlite  near  Barkly  West  was  noted 
by  Wagner  (1914)  to  exhibit  a  petrographic  character  intermediate  between  true  micaceous 
kimberlites  and  the  archetypal  kimberlites  of  the  Kimberley  type  area.  It  occurs  in  close 
proximity  (±  2  km)  to  the  group  II  Sover-Doornkloof  fissures  and  is  the  same  age  (1 14  ±  2 
m.y.  -  Smith  et  al  1985b)  as  the  nearby  Newlands  group  II  kimberlite  and  similar  to  other 
group  II  kimberlites  of  the  region,  yet  older  than  dated  group  I  kimberlites  in  the  general  area 
(±  90  m.y.).  The  Sr  and  Nd  isotopic  character  of  the  kimberlite  is  however  intermediate 
between  Group  I  and  II  kimberlites  (Smith  1983).  In  contrast  to  group  II  kimberlites  of  the 
area  which  are  characterized  by  eclogite-dominated  xenolith  suites,  the  Frank  Smith  contains 
a  diverse  assemblage  of  peridotite  xenoliths  and  Cr-poor  megacrysts  (Boyd  1974a,b,  Pasteris 
et  al  1979)  (in  addition  to  occasional  eclogites).  This  xenolith  association  is  much  more 
typical  of  group  I  kimberlites.  This  unusual  combination  of  features  of  both  group  I  and 
group  II  kimberlites  in  the  Frank  Smith  Mine  makes  it  an  ideal  candidate  for  investigations 
aimed  at  understanding  the  petrogenetic  processes  of  kimberlite  formation  and  of  the  spatial 
distribution  of  group  I  and  group  II  kimberlite  sources  in  the  mantle. 

The  Cr-poor  megacryst  (discrete  nodule)  suite.  This  suite,  comprising  Cr-poor  megacrysts  of 
garnet,  ilmenite,  olivine,  enstatite,  diopside  and  lamellar  pyroxene-ilmenite  intergrowths,  has 
been  described  previously  by  Boyd  (1974a,b)  and  Pasteris  et  al  (1979)  and  is  similar  to  that 
seen  in  typical  group  I  kimberlites  from  northern  Lesotho  and  the  Monastery  Mine.  In  more 
recent  years  it  has  become  apparent  that  Cr-poor  megacrysts  (mostly  garnets)  are  relatively 
widespread  in  Group  II  kimberlite  (orangeite)  and  that  the  composition  of  these  megacrysts  is 
different  from  those  in  group  I  kimberlites  (Moore  and  Gurney  1991,  Bell  et  al.  1995,  De 
Bruin  1995).  Numerous  studies  on  these  and  similar  suites  in  related  alkaline  ultramafic 
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rocks  suggest  that  these  megacrysts  are  the  crystallization  products  of  magmas  which  bear 
some  relationship  to  the  erupted  host  rocks,  precipitated  in  pegmatitic  veins  in  the  deeper 
levels  sampled  by  the  host  magmas.  Isotopic  studies  (Smith  et  al  1995)  clearly  indicate  that 
megacrysts  share  geochemical  characteristics  with  the  kimberlite  source  region  and  may 
therefore  be  used  to  study  these  features  without  the  complicating  assimilation  and  alteration 
effects  which  influence  kimberlite  magmas  on  ascent  and  emplacement. 

Philosophy  and  methods.  A  re-examination  of  the  FSM  megacryst  suite  was  undertaken  in 
order  to  determine  whether  these  deep-seated  samples  also  reflect  transitional  features.  It  was 
noted  that  discrete  clinopyroxene  megacrysts  are  very  rare  amongst  the  megacryst  suite, 
despite  the  fact  that  clinopyroxene  -  ilmenite  intergrowths  and  clinopyroxene  inclusions  in 
garnets  are  relatively  common.  A  discrepancy  between  discrete  and  associated  cpx 
abundances  is  typical  of  megacryst  suites  in  group  II  kimberlites  and  may  reflect  greater 
instability  of  cpx  in  group  II-like  magmas.  Initial  major  element  analyses  confirmed  some 
cpx  compositions  intermediate  between  group  I  and  group  II  megacrysts  and  argued  for  a 
deep-seated  origin  for  the  transitional  kimberlite  character.  Based  on  these  observations,  a 
more  comprehensive  study  was  initiated  with  the  hope  that,  by  monitoring  the  acquisition  of 
the  transitional  character  during  their  evolution,  the  megacrysts  could  provide  new 
information  on  the  location  of  group  I  and  group  II  sources  (or  a  discrete  transitional  source) 
in  the  mantle  .  Major  and  trace  element  concentrations  were  determined  in  megacryst 
minerals  by  electron-  and  ion-microprobe  at  the  University  of  Cape  Town  and  the  Carnegie 
Institution  of  Washington  and  compared  with  similar  analyses  of  the  Monastery  (Group  I)  and 
Lace  (Gp  II)  megacryst  suites  (Bell  et  al  1995  and  unpubl.). 

Results.  The  Frank  Smith  megacrysts  display  a  great  deal  of  compositional  complexity. 

Some  elements  and  interelement  ratios  are  similar  to  those  of  group  I  megacrysts  throughout 
their  range  of  compositions,  some  elements  are  similar  in  concentration  to  group  II 
megacrysts,  some  are  intermediate  and  some  show  a  progressive  evolution  from  group  I  like 
to  group  II  like  concentrations  with  increasing  Ca/Ca+Mg  (Ca#)  in  cpx  (decreasing 
temperature):  In  cpx,  Ca,  Mg,  Fe,  Cr  and  Ni  show  features  of  both  group  I  and  II  suites  as 
well  as  intermediate  compositions.  Ca#  vs  Mg#  relations  show  an  evolution  from  group  I- 
like  compositions  through  intermediate  compositions  in  cpx-ilmenite  intergrowths  to  more 
group  II  like  compositions,  with  Mg#  relatively  constant.  This  evolution  is  difficult  to 
explain  in  a  simple,  closed  system  fractional  crystallization  scenario  and  suggests  processes 
of  wall  rock  interaction  in  megacryst  evolution. 

Ti,  Ba  and  Sr  are  similar  to  group  I  cpx's  as  are  most  cpx-controlled  trace  element  ratios 
(e.g.,  Sr/Ce).  Sr  and  Nd  isotope  compositions  are  also  more  similar  to  group  I  cpx  megacrysts 
and  indicate  substantial  disequilibrium  with  the  transitional  type  magma  (Smith  et  al  1995). 

K,  Zr  and  Hf  overlap  group  I  cpx  concentrations  in  some  samples,  but  are  intermediate  to  the 
Lace  suite  in  others.  Li  and  Be  range  from  intermediate  to  group  II  concentrations,  whereas 
the  HREE  and  Y  are  exclusively  group  II-like.  LREE  and  Sr  concentrations  are  similar  in  all 
three  suites  but  the  trend  (slope  on  element  vs.  Ca#  plots)  of  compositional  evolution  of  FSM 
cpx's  parallels  those  from  Lace. 

High  precision  electron  microprobe  determinations  of  K  in  cpx  were  made,  revealing  two 
groups  on  the  basis  of  K  content.  A  lower  K  group  overlaps  typical  group  I  cpx 
concentrations,  while  a  higher  concentration  group  (>  240  ppm  K)  is  unique  among  cpx 
megacrysts  from  27  African  group  I  kimberlites  and  therefore  likely  to  indicate  a  different 
source  composition,  which  may  be  uniquely  characteristic  of  transitional  kimberlite.  (Group 
II  megacryst  cpx  contains  far  higher  K  than  either  of  the  FSM  cpx  populations).  The  existence 
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of  discrete,  slightly  different  populations  of  Cr-poor  megacrysts  within  a  single  kimberlite 
pipe  has  been  demonstrated  by  De  Bruin  (1993)  and  the  present  case  may  be  a  more  extreme 
example  of  this  phenomenon. 

It  can  be  shown  that  trace  element  compositional  trends  in  kimberlite  megacrysts  are 
strongly  influenced  by  mineral  crystal  chemistry  and  are  not  simple  indices  of  magmatic 
evolution  as  usually  assumed.  This  introduces  considerable  complexity  into  the  quantitative 
interpretation  of  the  above  trends  in  which  we  seek  to  unravel  competing  effects  of  thermal 
regime  (group  II  megacrysts  are  typically  lower  T)  and  bulk  (source  region  )  composition. 
Element  concentrations  in  FSM  megacrysts  thus  appear  to  be  a  complex  function  of 
partitioning  and  bulk  hybridization  effects  which  belie  simple  closed  system  fractional 
crystallization  scenarios.  The  FSM  megacry st  magma  and  kimberlite  appears  to  contain 
chemical  components  from  two  sources  and  to  have  evolved  in  a  physical  setting  which  spans 
conditions  characteristic  of  both  group  I  and  group  II  megacrysts. 
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Trace  element  composition  and  cathodoluminescence  properties  of 

kimberlitic  zircons 
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Zircon  is  a  minor  mineral  in  kimberlites,  and  is  recognised  as  a  member  of  the  low-Cr  suite  of 
mantle-derived  megacry st  minerals.  The  frequent  occurrence  of  zircon  in  kimberlites  suggests  that, 
by  finding  specific  characteristic  features  of  kimberlite  zircons,  it  may  be  used  as  an  indicator  mineral 
during  diamond  exploration.  However,  the  morphology  of  the  kimberlitic  zircon  grains  does  not 
show  clearly  defined  features  peculiar  to  the  zircon  of  kimberlites.  Therefore,  cathodoluminescence 
(CL)  microscopy  and  laser  ablation  ICPMS  analysis  were  used  to  study  the  internal  structure  and 
chemical  composition  of  zircon  crystals  from  kimberlites  of  South  Africa,  Russia,  Botswana  and 
Australia. 

Zoning  revealed  by  CL  ranges  from  fine  oscillatory  to  broad  homogeneous  cores  and  overgrowths 
predominantly  in  bluish  colours;  yellow  CL  colours  are  much  less  common.  Samples  or  zones  with 
yellow  CL  have  higher  U,  Th,  Y,  and  REE  than  those  with  blue-violet  CL.  We  suggest  that 
variations  in  the  concentrations  of  a  range  of  trace  elements  lead  to  different  amounts  of  lattice 
defects,  creating  the  possibility  for  different  levels  of  direct  excitation  of  luminescence  centres,  and 
therefore  different  CL  colours.  All  crustal  zircons  studied  so  far  exhibit  only  dull  yellow  CL  colours. 

LAM-ICPMS  data  show  that  kimberlite  zircons  have  distinctive  trace  element  patterns,  with  well 
defined  ranges  for  REE,  Y,  U,  Th  and  P  (Fig.  1).  Low  U  contents  (commonly  6-20  ppm)  and  REE 
contents  (X  REE  <  50  ppm),  as  well  as  chondrite-normalised  REE  patterns  with  low  and  flat  HREE 
(Fig.  1),  are  characteristic  of  kimberlite  zircons  and  distinguish  them  from  crustal  zircons. 

South  African  kimberlitic  zircons  are  the  best  represented  group;  71  grains  from  13 
different  kimberlite  pipes  have  been  studied.  Their  averaged  abundances  of  heavy  REE,  Y,  Sn,  Hf, 
Mn,  Ti  and  Pb  (Fig.  1)  are  slightly  higher  than  those  of  kimberlitic  zircons  from  on-craton  fields  of 
Yakutia  and  Australia.  However,  the  averaged  trace  element  pattern  of  Southern  African  zircons  is 
distinct  (lower  and  flatter)  from  those  of  zircons  from  off-craton  kimberlite  pipes  of  Yakutia  and  old 
Jwaneng  zircons  (Botswana). 

Yakutian  kimberlitic  zircons  (Russia)  are  represented  by  39  grains  from  19  kimberlite  pipes 
in  8  kimberlite  fields.  The  trace  element  signatures  of  the  Yakutian  zircons  divide  them  into  two  well 
defined  groups,  belonging  to  on-craton  and  off-craton  kimberlite  fields  (Fig.  2).  On-craton  zircons 
originate  from  areas  with  the  thick  Archaean  lithosphere  and  low  geotherm  which  are  required  for 
high  diamond  prospectivity.  The  trace  element  patterns  of  on-craton  zircons  are  similar  to  those  of 
South  African  and  Australian  kimberlitic  zircons  (Fig.  1).  Furthermore,  the  trace  element 
abundances  and  the  slope  of  the  trace  element  patterns  decreases  towards  the  inner  part  of  the 
Archaean  craton.  Zircons  from  the  off-craton  fields,  in  contrast,  have  higher  concentrations  of 
almost  all  trace  elements  (Fig.  1,  2). 

Two  zircon  populations  have  been  previously  described  (Kinny  et  al.,  1989)  from  the  Jwaneng 
kimberlite  in  Botswana.  One  gives  Permian  206pb/238|j  dates,  close  to  the  time  of  kimberlite 
eruption;  the  other  yields  much  older  U-Pb  dates  (2100  to  2800  My).  These  two  groups  are 
morphologically  indistinguishable,  but  can  be  easily  identified  by  differences  in  their 
cathodoluminescence  colours  and  trace  element  composition  (Fig.  1).  Old  Jwaneng  zircons  typically 
have  several  times  higher  contents  of  most  trace  elements,  but  lower  U,  Th,  Sr,  Ta  and  Nb  values; 
they  also  show  pronounced  positive  Ce  anomalies,  as  well  as  blue  CL  colours.  In  contrast,  all 
zircons  of  the  younger  generation  have  yellow  CL  colours.  Both  generations  have  trace  element 
patterns  that  are  different  in  several  respects  from  those  of  most  kimberlitic 
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Fig.  1  Trace  element  patterns  of  kimberlitic  zircons  (averaged  data)  from  different  sources 
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Fig.  2  Trace  element  patterns  of  zircons  from  Yakutian  kimberlite  fields 
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zircons  (Fig  1,3):  the  older  population  has  higher  REE  concentrations,  while  the  younger  one  shows 
slightly  higher  U,  La,  Sr,  Ta  and  Nb  values  and  a  much  flatter  REE  pattern.  The  data  suggest  that 
the  Jwaneng  zircons  may  not  be  mantle-derived  xenocrysts,  but  have  been  entrained  from  the  lower 
crust  by  the  ascending  kimberlite  magma. 


Kimberlitic  zircons: 

+  South  Africa 
x  Yakutiya,  Russia 

•  Pteropus  &  Orroroo.  Australia 

o  Canada 

■  Jwaneng  (old),  Botswana 
□  Jwaneng  (young),  Botswana 

Lamproitic  zircons: 

i  Argyle,  Ausrtalia 

A  Kirovograd  Block,  Ukraine 


1  10  100  1000  104  105 
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I  -  ultrabasic,  basic  and  intermediate  rocks; 

II  -  quartz-bearing  intermediate  and  felsic  rocks; 

III  -  felsic  rocks  with  high  Si02  content; 

IV  -  greisens; 

V  -  kimberlites; 

VI  -  alkaline  rocks  and  alkaline  metasomatites  of  alkaline  complexes; 

Vll-carbonatites. 

Fig.  3  The  fields  of  zircon  composition  after  Shnyukov  et  al.,  1997. 

Australian  kimberlitic  zircons  are  represented  by  20  grains  from  two  small  kimberlite 
bodies:  Orroroo,  South  Australia  and  Pteropus,  Kimberley.  The  Orroroo  kimberlite  pipe  has  a  low 
diamond  content,  while  Pteropus  is  barren.  Cathodoluminescence  colours  range  from  yellow 
through  pink  to  bluish  and  dark  violet.  Trace  element  data  are  very  similar  for  both  pipes  and  are  in  a 
good  agreement  with  data  obtained  for  other  kimberlite  localities  (Fig.  1). 

Kimberlitic  zircons  from  Yakutia,  South  Africa  and  Australia  form  a  distinctive  field  on  Fig.  3  (Hf 
versus  Y)  relative  to  the  fields  of  zircon  composition  from  different  rock  types  (Shnyukov  et  al., 
1997)  and  are  located  well  off  the  main  trend  defined  by  crustal  zircons.  However,  the  field  of 
Yakutian  zircons  is  shifted  to  higher  Y  and  lower  Hf  concentrations  relative  to  South  African  and 
Australian  zircons.  Several  points  fall  in  the  fields  of  crustal  zircons,  which  might  suggest  that  these 
grains  are  xenocrysts  and  were  assimilated  from  crustal  rocks.  In  contrast,  zircons  from  lamproites 
(Argyle,  Australia,  Kirovograd  Block  of  the  Ukraine)  show  their  crustal  origin,  falling  in  the  field  of 
zircons  from  ultrabasic,  basic  and  intermediate  rocks  (Fig.  3). 
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An  olivine  fabric  database:  an  interpretative  frame  for  upper  mantle 

seismology 


W.  Ben  Ismail  and  D.  Mainprice 

CNRS,  Laboratoire  de  Tectonophysique,  Universite  de  Montpellier  II,  Place  E.  Bataillon,  34095  CEDEX  05,  France, 
email:walid@dstu.univ-montp2.fr 

Recent  investigations  of  teleseismic  shear-wave  splitting  have  shown  that  relationships  between  lattice 
preferred  orientation  (L.P.O.)  and  anisotropic  seismic  properties  allow  the  determination  of  plastic 
flow  directions  (Mainprice  and  Nicolas,  1989;  Mainprice  and  Silver,  1993),  opening  the  way  for 
studying  the  upper  mantle  tectonics  (Silver,  1996;  Barruol  et  al.,  1996;  Vauchez  et  ah,  1997). 

We  present  here  a  petrophysical  database  of  upper  mantle  rocks  on  the  basis  of  1 10  olivine  measured 
LPOs  (Ben  Ismail  and  Mainprice,  1998).  The  seismic  properties  of  each  aggregate  were  calculated 
combining  LPO  and  single  crystal  elastic  constant  (See  examples  in  Barruol  and  Mainprice,  1993)  by 
the  self-consistent  method  of  Mainprice  and  Humbert  (1994).  The  samples  come  from  a  variety  of  the 
upper  mantle  geodynamic  envimoments  such  as  ophiolites,  subduction  zones,  and  Kimberlite  pipes 
and  display  a  wide  range  of  micro-structures.  We  discuss  the  seismic  properties  of  these  rocks  as  a 
function  of  these  parameters. 
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On  a  statistical  point  of  view,  we  show  that  seismic  anisotropy  increases  rapidly  at  low  fabric  strength 
before  reaching  a  near  saturation  level  of  between  15-20%  for  P-waves  (see  Figure  above)  and  10- 
15%  for  S-waves. 


By  systematically  analyzing  the  peridotite  seismic  properties,  a  major  conclusion  is  that  despite  a  large 
variation  in  the  fabric  patterns,  in  the  micro-structures  and  in  the  geodynamic  settings,  the  seismic 
properties  of  the  various  kind  of  fabrics  have  rather  similar  anisotropies  in  both  magnitude  and 
symmetry. 


From  the  110  samples  from  the  database,  we  calculated  the  average  seismic  properties.  The  first 
interesting  feature  is  that  the  "mean"  sample  does  not  display  isotropic  results  but  has  the  following 
features  (see  figure  below);  the  maximum  P-wave  velocity  is  parallel  to  high  concentration  of  [100] 
axes,  which  is  sub-parallel  to  the  lineation  (the  E-W  axis  in  the  diagrams).  The  [100]  axes  distribution 
has  the  largest  influence  in  the  seismic  anisotropy  for  both  P  and  S  waves,  and  the  distribution  of 
[001]  has  an  important  effect  on  the  shear  waves  anisotropy. The  maximum  shear  wave  splitting  (4.5 
%  anisotropy)  is  parallel  to  the  Y  structural  direction  (in  the  foliation  plane  and  normal  to  the  lineation) 
and  the  fast  S-waves  propagating  in  this  direction  are  polarized  parallel  to  the  foliation  plane.  The  X 
direction  (lineation)  is  almost  isotropic  but  the  Z  structural  direction  (normal  to  the  foliation)  has 
intermediate  anisotropy  (around  3%)  and  the  fast  polarized  S  wave  is  parallel  to  the  lineation  (the  flow 
direction). 


■  Max.  Velocity  =  8.32  OMin.Velocity  =  7.79  ■  Max.  Anisotropy  =  4.55  O  Min.Velocity  =  0.00 


Anisotropy  =  6.6  % 

Average  seismic  properties  of  upper  mantle  rock 
calculated  from  110  peridotites  samples  (Olivine  and  orthopyroxene  fabrics) 
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Seismic  tomography  and  petrological  data  on  mantle  xenoliths  suggest  a  thick  lithosphere  extending 
down  to  at  least  200  Km  depth  beneath  the  Kaapval  craton.  Seismic  anisotropy  at  depth  is  controlled 
by  crystal  lattice  preferred  orientation  (e.g.,  Barruol  and  Mainprice,  1993)  and  particularly  those  of 
olivine  in  the  upper  mantle  which  represent  the  major  mineral  phase  (see  Mainprice  and  Silver  1993; 
Barruol  and  Kern,  1996).  Teleseismic  shear  wave  splitting  may  be  used  to  measure  the  upper  mantle 
fabric  (e.g.,  Barruol  and  Souriau,  1995;  Barruol  et  al.  1997)  and  to  get  informations  on  the  deep 
lithosphere  structure  and  mechanical  behavior  (Vauchez  and  Barruol,  1996;  Vauchez  et  al,  1997).  The 
anisotropy  results  obtained  on  the  Kaapval  craton  (Vinnik  et  al,  1991)  has  been  related  either  to  an 
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asthenospheric  flow  or  a  frozen  lithospheric  fabric  (Silver,  1996).  In  order  to  quantify  the  anisotropy 
and  constrain  the  origin  of  SKS  shear  wave  splitting  results  that  will  be  acquired  during  the 
seismological,  NSF  funded,  Kaapval  project,  we  have  built  a  three-dimensional  model  of  lithospheric 
mantle  seismic  properties  beneath  this  craton  by  characterizing  the  physical  properties  of  peridotites 
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nodules  from  their  lattice  preferred  orientation  (or  fabric)  of  their  constituent  minerals  and  the  single 
crystal  anisotropic  elastic  properties. 


We  report  anisotropy  logs  from  10  kimberlite  pipes  of  the  Kaapval  craton,  at  widely  spread  sample 
sites.  33  nodules  with  granular  textures,  typical  of  the  subcontinental  lithosphere  have  been  selected 
on  the  basis  of  modal  composition,  microstructure  and  estimated  depth  origin.  The  samples  display 
two  kinds  of  olivine  LPO  (see  Figure  above);  a  normal  fabric  with  [100]  axes  parallel  to  lineation, 
marked  by  the  E-W  line  in  the  diagram,  (which  represents  about  85  %  of  our  nodules)  and  a  strong 
abnormal  fabric  with  [001]  axes  perpendicular  to  the  lineation  in  the  foliation  plane.  The  first  fabric  is 
classically  attributed  to  plastic  deformation  of  olivine.  The  second  could  result  from  recrystallisation 
processes. 


An  unexpected  conclusion  is  that  despite  variations  in  composition,  LPO,  depth  of  sampling, 
localisation  on  the  craton  and  microtextures,  the  calculated  seismic  properties  are  rather  homogeneous. 
This  suggests  that  the  seismic  anisotropy  is  pervasive  in  this  upper  mantle  section.  Calculated 
anisotropy  (see  the  seismic  properties  of  the  examples  in  the  Figure  below)  is  in  the  range  2-6%  for  P 
waves  and  1-4%  for  S-waves. 
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Seismic  anisotropy  of  two  typical  olivine  aggregates  of 
kimberlite  nodules  from  the  Kaapval  craton 


The  average  properties  of  the  33  selected  kimberlite  nodules,  may  be  used  to  model  SKS  splitting 
observations.  For  instance,  the  observed  delay  times  for  vertically  propagating  shear  waves  (about  1 
s)  may  be  explained  by  a  horizontal  foliation  and  an  anisotropic  layer  120  Km  thick,  whereas  it  should 
be  about  220  Km  thick  for  a  vertical  foliation. 
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Mean  P  &  S  seismic  properties  of  33  kimberlite  nodules 
from  the  Kaapval  craton 


In  all  the  figures,  the  black  line  represents  the  foliation  (XY  plane),  the  lineation  (X  structural  direction )  is  E-W  and  Z 

( the  pole  of  the  foliation )  is  NS. 
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Geochemical  Relations  which  reflect  the  History  of  Kimberlites  from  the  Type 

area  of  Kimberley,  South  Africa. 


G.  W.  Berg 

Dept,  of  Geological  Sciences,  University  of  Cape  Town,  Rondebosch  7700,  South  Africa. 

The  bulk  chemistry  and  petrography  of  some  70  fresh,  altered  and  contaminated  kimberlites  have 
been  studied  to  contribute  to  the  goal  set  by  Mitchell  (1986)  “....to  deconvolute  the  evidence 
presented  to  us  and  seek  out  the  primitive  kimberlite  magma”.  The  bulk  analyses  yielded  a  series  of 
inter-element  relations  which  reflect  a  sequence  of  recognisable  events,  each  of  which  further 
obscures  the  original  chemistry  of  primitive  kimberlite. 

The  relation  of  the  two  most  abundant  elements  in  kimberlite,  MgO  and  SiC>2  (Fig  1)  reveals  two 
broad  tends.  The  positive  correlation,  observed  for  hypabyssal  kimberlites,  is  interpreted  to  reflect: 

a. )  The  most  primitive  kimberlite  analysed  (KDT=Dutoitspan  macrocrystic  monticellite  kimberlite); 

b. )  Sparsely  macrocrystic  and  aphanitic  kimberlites  formed  by  loss  of  olivine  macrocrysts  (and 

diamonds?)  from  macrocrystic  kimberlite;  and, 

c. )  Possible  events  at  the  kimberlite  source,  discussed  later. 

The  negative  correlation  trend  of  altered  kimberlites  (mainly  TKB’s)  reflects  contamination  by 
country  rock,  modeled  in  Fig  1  as  Ecca  shale,  analysed  by  Danchin  (1970).  The  deficiency  of  MgO 
in  TKB’s,  compared  to  the  mixing  line  between  Dutoitspan  “primitive”  kimberlite  and  shale,  is 
ascribed  in  part  to  the  loss  of  MgO  in  solution  during  open  system  alteration  (see  Berg,  1989). 

The  concentration  of  AI2O3  and/or  the  relation  of  Si02  to  AI2O3  (Fig  2)  has  been  widely  used  to 
assess  contamination  of  kimberlite  by  country  rock  (eg  Mitchell  1986  and  refs  therein).  Fig  2 
supports  the  interpretation  of  Fig  1  that  contamination  by  shale  has  occurred  in  the  altered 
kimberlites.  Fig  2  further  reveals  that  the  box  of  “...contamination  free(?)”  kimberlite  of  Mitchell 
(1986,  fig  7.1)  includes  numerous  analyses  of  altered  and  contaminated  rocks.  The  maximum 
concentration  of  2.2%  AI2O3  found  in  fresh  hypabyssal  Dutoitspan  monticellite  kimberlite  is 
proposed  here  as  a  maximum  for  uncontaminated  Type  I  kimberlite.  Detailed  petrographic 
examination,  however,  when  considered  together  with  Fig  2,  suggests  that  minor  AI2O3  (and  Na20) 
in  some  of  the  KDT  samples  may  be  derived  from  “kimberlitised”  shale.  Analysis  1  of  Berg  and 
Carlson  (this  volume)  may  better  reflect  truly  uncontaminated  Type  I  kimberlite.  Fig  2  cannot  be 
used  to  simultaneously  assess  contamination  of  Type  I  and  Type  II  (micaceous)  kimberlites.  The 
latter  need  to  be  treated  separately  because  their  generally  higher  phlogopite  contents  can  introduce 
primary  aluminium  in  excess  of  that  observed  in  uncontaminated  Type  I  kimberlites. 

The  concentration  of  Na20  has  also  been  considered  as  a  measure  of  contamination  of  kimberlite 
(eg  Clement  et  al  1984).  A1203  was  therefore  related  to  Na20  in  the  expectation  that  high 

concentrations  of  Na20  would  relate  to  AI2O3  on  a  shale  mixing  line  (Fig  3).  It  is  clear  from  Fig  3, 
however,  that  the  concentrations  of  Na20  in  highly  contaminated  kimberlites  are  in  excess  of  the 
amount  introduced  by  shale,  and  reflect  yet  a  later  event.  Relations  of  Na20  with  other  elements 
were  therefore  investigated  with  a  view  to  identifying  the  host  mineral  of  sodium  in  the  highly  altered 
rocks.  Surprisingly,  the  closest  correlation  with  Na20  was  found  to  be  with  H20‘,  that  is  to  say, 
loosely  bound  water.  However,  careful  microbeam  study  revealed  only  two  sodic  minerals;  these  are 
pectolite,  first  discovered  in  kimberlite  by  Scott-Smith  et  al  (1983),  and  Ti-rich  acmite,  grading  into 
aegerine  augite,  briefly  reported  by  Berg  (1990)  and  further  detailed  in  the  poster  accompanying  this 
abstract.  The  Na20  vs  SiC>2  relation  (Fig  4)  is  consistent  with  the  location  of  Na20  in  these  minerals. 
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The  suspected  relation  of  clay  volumes  (H20)  to  Na20  concentrations  may  quantitatively  reflect  part 
of  the  process  of  formation  of  the  sodic  minerals.  The  “excess”  sodium  with  respect  to  shale  is 
interpreted  to  reflect  metasomatic  addition  by  post-emplacement  water  circulation. 

.  Further  interpretation  of  the  chemistry  of  the  KDT  (most  primitive)  kimberlite  is  made  on  the 
premise,  based  on  petrography,  that  the  macrocrystic  olivines  in  this  kimberlite  are  derived  from 
mantle  peridotite;  that  most  of  the  orthopyroxene  in  this  peridotite  was  dissolved  in  the  primary 
kimberlite  fluid;  and  that  the  rounded  form  of  many  macrocrysts  compared  to  the  form  of  olivine  in 
mantle  peridotite  implies  that  there  was  some  dissolution  of  olivine  into  the  proto-kimberlite  as  well. 
The  chemical  components  of  this  olivine  may  report  back  at  a  late  stage  in  groundmass  micro- 
phenocrysts.  The  dissolved  orthopyroxene,  in  turn,  is  speculated  to  report  back  in  monticellite,  the 
mass  balance  equation  being:  MgSi03  +  CaC03  -»  CaMgSi04  +  C02.  More  direct  evidence  for  the 
operation  of  this  reaction  is  found  in  the  formation  of  monticellite  in  the  alteration  halos  of  rare 
residual  orthopyroxenes,  which  are  clearly  in  disequilibrium  in  the  kimberlite  at  a  late  stage  when  it 
was  precipitating  olivine  microphenocrysts  or  monticellite. 

The  maximum  amount  of  peridotite  that  can  be  modeled  to  have  been  incorporated  in  a  kimberlite 
in  the  form  of  olivine  macrocrysts  and  molten/reacted  pyroxene  can  be  estimated  from  variation 
diagrams  on  the  basis  of  the  lever  rule.  Thus  Fig  1  in  isolation  would  suggest  that  the  Dutoitspan 
kimberlite  might  consist  of  a  maximum  of  about  70%  of  average  peridotite  and  30%  of  a  Si-free 
phase  carrying  about  15%  MgO.  Analogously  Fig  5  would  suggest  a  limit  of  about  70%  peridotite 
with  30%  of  a  phase  free  of  both  Si02  and  Cr203.  These  “end  member”  estimates  are  not  definitive, 
but  reference  to  the  kimberlite  analyses  themselves  can  indicate  limits  as  to  what  the  composition  of 
the  minimum  “non-peridotitic”  component  of  kimberlite  might  be.  A  typical  Dutoitspan  kimberlite 
analysis  such  as  KDT  25  (Berg  and  Carlson,  this  volume)  has  concentrations  of  K20,  C02,  Ti02 
and  P2C>5  equivalent  to  approximately  10%  phlogopite,  8%  calcite,  3%  ilmenite  and  2%  apatite. 
Together  with  water,  these  “kimberlitic”  minerals  add  up  to  about  30%  of  the  KDT  kimberlite.  The 
chemical  constituents  of  these  minerals  are  present  in  relatively  insignificant  amount  in  the  four 
definitive  silicate  phases  of  garnet  lherzolite.  It  is  logical,  therefore,  to  search  for  them  in 
metasomatised  peridotites  to  find  a  model  source  for  kimberlite.  This  subject  is  addressed  by  Berg 
(this  volume),  with  particular  reference  to  carbonate. 
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Mineralogical  Evidence  for,  and  Experimental  Evidence  against.  Carbonate  from  the 
Mantle  in  Xenoliths  from  Kimberlite  Pipes. 

G.  W.  Berg 

Dept  of  Geological  Sciences,  University  of  Cape  Town,  Rondebosch  7700,  South  Africa. 

Experimental  evidence  that  carbon  is  stored  in  the  mantle  in  the  form  of  carbonate  (Wyllie  et  al,  1983 
and  refs  therein)  was  at  the  time  not  matched  by  anything  but  small  inclusions  of  carbonate  within 
mantle-derived  minerals  (McGetchen  and  Besancon,  1973;  Hervig  and  Smith  1981;  Hunter  and 
Smith,  1981).  Berg  (1986)  described  the  first  millimetre-sized  grains  interpreted  as  metacarbonate 
from  the  mantle  which  matched  the  grain-size  of  co-existing  silicate  minerals  in  their  peridotite  host 
nodules.  Questions  about  the  validity  of  these  observations  stem  from  both  equilibrium  and  dynamic 
polybaric  experimental  petrology.  The  latter  are  considered  first,  below: 

Canil  (1990)  published  experimental  findings  interpreted  to  show  that  carbonate  that  might  be 
present  in  nodules  of  peridotite  in  the  mantle  would  almost  inevitably  react  with  co-existing  silicates 
en  route  to  the  surface.  On  this  basis  he  questioned  the  validity  of  both  Berg’s  (1986)  evidence  for 
carbonate  in  the  mantle,  and  Boyd  and  Gurney’s  (1982)  hypothesis  that  carbonate  in  heated  mantle 
nodules  could  lead  to  their  explosive  decrepitation  as  they  reached  the  Earth’s  surface.  This 
dichotomy  of  approach  requires  clarification: 

The  experiments  reported  by  Canil  (1990)  were  undertaken  on  mg  quantities  of  10  micron  grain-size 
powder  in  standard  solid  media  high-pressure  experimental  apparatus.  The  results  of  equilibrium 
experiments  on  such  10  micron  grain-sized  charges  can  be  applied  to  rocks  consisting  of  millimetre¬ 
sized  grains,  because  the  phase  rule,  P  +  F  =  C  +  2,  which  governs  phase  equlibria,  is  independent  of 
both  time  and  grain-size.  However,  Canil  (1990)  has  interpreted  the  results  of  dynamic  polybaric 
experiments,  timed  to  simulate  the  emplacement  rate  of  kimberlite,  but  obtained  on  10  micron 
powders,  to  deduce  the  rate  of  re-attainment  of  equilibrium  in  real  rocks  that  have  grain  sizes  of 
some  4000  microns.  The  relevance  of  these  experiments  to  the  problem  is  debatable,  given  the  orders 
of  magnitude  difference  in  reactive  areas  and  diffusion  distances  involved  in  the  experimental  charges 
compared  to  the  real  rocks. 

The  critical  feature  in  Fig  1  of  Berg  (1986)  is  the  texture  and  volume  of  the  calcite,  which  is 
interpreted  to  reflect  down-pressure  decarbonation  of  dolomitic  carbonate,  following  the  equation 
given  by  Harker  (1974):  CaMg(C03)2  — >  CaC03  +  MgO  +  C02  ;  the  periclase  produced  in  this 
reaction  is  thought  to  either  have  been  hydrated  later,  or  brucite  to  have  been  formed  directly  in  an 
environment  of  sufficiently  high  water  pressure.  There  is  a  possible  inconsistency  in  this 
interpretation  with  respect  to  experimentally  determined  carbonate  equilibria,  inasmuch  as 
experimental  evidence  from  a  number  of  independent  laboratories  points  to  magnesite  rather  than 
dolomite  being  the  stable  phase  of  carbonate  at  the  depth  of  origin  of  most  peridotite  nodules  in 
kimberlite  (Wyllie  et  al  1983  and  refs  therein  ).  It  is  not  yet  clear  whether  the  textures  described  by 
Berg  (1986)  reflect  calcic  magnesite,  or  are  restricted  to  rocks  from  relatively  shallow  depths.  It  is 
also  possible  that  meta-magnesite  has  simply  not  been  observed  because  of  its  poor  preservation 
potential.  Pure  magnesite  decarbonating  independently  of  silicates  would  produce  either  periclase, 
which  would  readily  hydrate  to  brucite,  or  brucite  directly.  Microbe  observation  suggest  that  brucite 
in  peridotite  nodules  is  rapidly  replaced  by  serpentine,  which  has  optical  properties  not  dissimilar  to 
brucite.  Without  some  diagnostic  metamorphic  texture,  such  serpentine^rucite  in  a  peridotite 
nodule  would  be  almost  impossible  to  characterise  as  previously  having  been  a  carbonate. 
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The  carbonate  in  kimberlite  is  predominantly  calcite  (Mitchell  !986).  This  is  a  complicating  factor  in 
modeling  the  origin  of  kimberlite  consistently  with  the  experimental  evidence  that  magnesite  is  the 
stable  carbonate  at  its  depth  of  origin. 

A  combination  of  carbonate,  phlogopite,  ilmenite  and  apatite  with  peridotite,  approximates  the  major 
element  composition  of  Type  I  kimberlites  (Berg  1998a,  this  volume).  Experimental  petrology  near 
the  solidus  of  this  system  may  help  to  clarify  the  origin  of  these  kimberlites,  following  the  pioneering 
studies  of  Foley  and  his  co-workers  (eg  Foley  et  al  1995).  Clearly,  experimental  work  near  the 
liquidus  of  compositions  of  macrocrystic  hypabyssal  kimberlite  is  far  removed  from  the  conditions  of 
kimberlite  formation,  if  it  is  accepted  that  the  olivine  macrocrysts  in  these  kimberlites  are 
“passengers”  which  were  never  molten  (eg  Berg  1998a,  this  volume). 

To  contribute  to  the  issues  discussed  above,  the  poster  accompanying  this  abstract  will  concentrate 
on  illustrating  the  optical  and  microbeam  petrography  of  metacarbonate,  its  amount,  its  alteration, 
and  accompanying  minerals  in  peridotite  nodules  from  kimberlite.  Possible  ascent  paths  will  be 
considered. 
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Introduction 

The  7  hectare  Leslie  pipe  is  filled  with  hypabyssal  kimberlite  to  the  present  land  surface,  with  the 
exception  of  a  narrow  remnant  of  tuffisitic  kimberlite  breccia  (TKB)  intersected  on  the  pipe  contact 
at  a  vertical  depth  of  approximately  400  meters.  Geological  evidence  suggests  that  erosion  of  the 
emplacement  age  surface  has  been  relatively  minimal  (several  hundred  meters?).  Considered 
together,  these  points  are  in  contrast  to  the  widespread  observation  that  kimberlite  pipes  are  filled 
with  TKB  underlain  by  a  hypabyssal  root  zone  (Hawthorne,  1975;  Mitchell,  1986),  and  pose  several 
questions: 

•  Does  the  Leslie  hypabyssal  kimberlite  chemistry  differ  substantially  from  the  hypabyssal  root 
zones  of  the  type  area  of  Kimberley,  South  Africa,  which  might  account  for  high  level 
magmatic  instead  of  explosive  emplacement? 

•  Alternatively,  does  the  geochemical  evidence  imply  that  there  must  have  been  an  overlying 
explosive  phase  at  Leslie,  which,  in  turn,  suggests  a  deeply  eroded  pipe? 

•  Is  the  pipe  filled  by  a  single  or  by  multiple  emplacement  hypabyssal  phases? 

Thin  section  petrography  and  geochemistry  were  utilized  to  address  these  problems.  Ninety-three 
samples  were  prepared  from  NQ  drill  core  of  six  radially  oriented  drill  holes  (Figure  1). 


Petrography 

Most  of  the  Leslie  material  is  exceptionally  fresh  hypabyssal  macrocrystic  monticellite  kimberlite. 
Olivine  macrocrysts  exhibit  a  considerable  size  range  with  longest  dimensions  up  to  about  1 5  mm. 
Some  bore  holes  appear  to  contain  distinctive  macrocry st  size  ranges.  For  example,  the  large 
olivine  macrocrysts  (long  dimension)  range  from  4  -  13mm  for  LDC-07  (120m)  and  range  from 
3  -  5mm  for  LDC-09  (140m).  Alteration  of  olivine  to  serpentine  is  relatively  sparse.  Strongly 
altered  orthopyroxene  macrocrysts  are  present,  but  rare. 

Olivine  micro-phenocrysts,  monticellite,  calcite,  perovskite  and  opaques  dominate  the  groundmass, 
with  minor  phlogopite  and  apatite.  Monticellite  is  typically  very  fresh.  Ca  -  Mg  silicate  with  optical 
properties  of  monticellite  also  occurs  as  rare  reaction  rinds  on  and  optically  continuous  with  rounded 
olivine  macrocrysts,  and  as  rare  phenocrysts  with  olivine  cores. 

Sparse  to  severe  contamination  by  country  rock  is  evident  in  some  samples.  This  is  reflected  in  the 
chemistry  discussed  later. 

Tuffisitic  kimberlite  breccia  (TKB)  encountered  in  drill  hole  LDC-03  at  400  m  is  strongly  altered  but 
identifiable  by  the  presence  of  rare  pelletal  lapilli.  Pelletal  rinds  consist  of  altered  micro-phenocrysts 
in  an  unresolved  fine-grained  brown  groundmass.  Contamination  of  TKB  by  country  rock  is  partly 
obscured  by  alteration,  but  is  clearly  reflected  in  the  TKB  geochemistry. 
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Geochemistry  and  Comparison  with  the  Type  Area 

Leslie  hypabyssal  kimberlite  (Table  1,  Analyses  1  and  2),  which  has  a  comparable  petrography  to  that 
of  Dutoitspan  hypabyssal  kimberlite  (Analysis  3),  reveals  no  chemical  differences  that  would  suggest 
a  unique  magmatic  behaviour  at  Leslie.  Notice  in  particular  the  low  Na20  contents  at  Leslie. 

Analysis  1  is  considered  to  represent  minimally  or  un-contaminated  hypabyssal  kimberlite.  Small 
systematic  increases  in  the  concentrations  of  Si02  and  A1203  ,  noted  in  numerous  Leslie  hypabyssal 
samples  when  compared  to  Analysis  1,  probably  reflect  minor  contamination  by  TKB. 

Leslie  TKB  (Analysis  4)  reflects  contamination  and  alteration  effects  analogous  to  Bultfontein  TKB; 
in  particular  enhanced  A1203  and  Na20  concentrations.  This  is  not  surprising  as  the  Leslie  wall  rock  is 
granitoid  and  the  Bultfontein  wall  rock  is  shale  and  basic  lava  underlain  by  granitoid. 


Table  1 :  Representative  Leslie  bulk  rock  analyses  and  comparative  data. 


1 

2 

3 

4 

5 

ELEMENT 

LDC-07  220 

LDC-09  140 

KDT25 

LDC-03  427 

KBULT  28 

Si02 

31.67 

32.71 

31.73 

43.00 

39.28 

Ti02 

0.66 

0.52 

1.55 

0.21 

0.55 

A1A 

1.23 

1.51 

1.94 

2.40 

5.97 

Fe203 

9.24 

8.65 

8.76 

7.42 

7.74 

MnO 

0.17 

0.16 

0.16 

0.11 

0.13 

MgO 

40.93 

39.53 

36.17 

34.27 

26.31 

CaO 

8.09 

8.40 

7.98 

4.28 

4.56 

Na20 

0.00 

0.03 

0.37 

2.55 

1.58 

K20 

0.397 

0.266 

0.74 

3.217 

1.50 

PA 

0.258 

0.400 

0.80 

0.337 

0.53 

NiO 

0.216 

0.213 

0.19 

0.213 

0.16 

Cr203 

0.340 

0.353 

0.32 

0.188 

0.18 

H20- 

0.66 

0.44 

0.68 

0.36 

5.18 

LOI 

5.59 

6.26 

9.85 

2.08 

7.21 

TOTAL 

99.45 

99.44 

101.24 

100.64 

100.88 

1,  2:  Leslie  hypabyssal;  3:  du  Toitspan,  Kimberley,  hypabyssal; 
4:  Leslie  TKB;  5:  Bultfontein,  Kimberley,  TKB. 


Single  or  multiple  hypabyssal  phases? 

Samples  deemed  heavily  contaminated  by  veining,  county  rock  or  alteration  were  excluded  from 
statistical  analysis  (leaving  n=70  analyses,  from  six  bore  holes).  For  initial  statistical  purposes, 
individual  drill  holes  (Figure  1)  were  treated  as  potential  sub-populations  within  the  pipe. 

There  are  some  subtle  but  statistically  significant  variations  in  element  concentrations  between  bore 
holes.  For  example,  drill  hole  LDC-07  is  strongly  biased  towards  the  low  end  of  the  Si02  range  of  the 
combined  drill  holes.  LDC-04  is  also  significantly  lower  in  Si02  than  the  remaining  drill  holes  if 
LDC-07  is  removed  from  the  data  set.  Further  significant  differences  include  relatively  low  P205  and 
high  Ti02  concentrations  in  LDC-07  compared  to  the  other  drill  holes. 
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There  are  no  clear-cut  petrographic  or  geochemical  distinctions  to  indicate  more  than  one  hypabyssal 
phase.  The  minor  differences  described  could  either  represent  variations  within  a  single  hypabyssal 
phase  or  could  imply  multiple  intrusions  of  chemically  similar  magma  batches. 

Suggested  emplacement  model  for  Leslie 

The  presence  at  Leslie  of  TKB  at  400m,  combined  with  normal  type-area  hypabyssal  geochemistry 
and  a  classic  carrot-shaped  pipe  with  steep  inward-sloping  walls,  suggests  that  initially  Leslie 
conformed  to  the  pipe  forming  mechanisms  common  to  TKB-filled  pipes.  Leslie  either  blew  an  open 
vent  subsequently  filled  by  magmatic  kimberlite,  or  magma  displaced  an  earlier  TKB  fill.  The  enigma 
lies  in  the  apparent  close  coincidence  of  the  present  with  the  emplacement-age  land  surface.  Rb-Sr 
systematics  on  phlogopite  macrocry sts  indicate  an  age  of  53.9  ±  2.0  Ma  for  Leslie  hypabyssal  as 
compared  to  53.2  ±  3.8  Ma  for  Panda  crater  facies  kimberlite  (Collerson,  1995  pers.  comm.).  The 
Panda  pipe,  located  6  km  northeast  of  Leslie,  is  composed  of  crater  facies  kimberlite  to  a  depth  of  at 
least  300m  and  is  also  emplaced  in  porphyritic  biotite  granite  (Carlson  et.  al,  1998). 

Mitchell  (1986,  p.34)  notes  that  "Pyroclastic  volcanism  is  not  followed  by  upwelling  of  magma  to 
form  crater  lava  lakes,  and  the  establishment  of  a  conduit  filled  with  magmatic  kimberlite  does  not 
occur".  Mitchell  (1986,  p.343)  further  reviews  laboratory  experiments  from  4  kb  down  to  0.5  kb 
which  clarify  why  kimberlite  lavas  are  not  found  on  the  surface.  The  lowest  volatile  pressure  required 
to  keep  kimberlite  fluid  is  not  known,  but  the  presence  of  some  overlying  material  seems  inescapable 
to  explain  the  maintenance  of  sufficient  volatile  pressure  to  allow  intrusion  of  the  large  volumes  of 
magmatic  kimberlite  observed  at  Leslie.  The  possibility  of  mechanical  over-pressure  influencing  the 
hypabyssal  intrusion  of  small  volumes  of  kimberlite  to  shallow  levels  warrants  consideration. 
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Figure  1 .  Plan  map  of  Leslie  kimberlite. 
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A  review  of  diamond  discoveries  across  Australia  highlights  the  Kimberley  Block  in  Western 
Australia  and  the  North  Australian  Craton  as  areas  of  significant  interest.  While  this  is  partly 
a  function  of  the  level  of  exploration  conducted  in  these  areas,  the  discovery  of 
diamondiferous  intrusives  confirms  the  prospectivity  of  both  regions.  As  a  result,  Stockdale 
Prospecting  Limited  (SPL),  a  subsidiary  of  De  Beers,  has  spent  considerable  effort  exploring 
the  North  Australian  Craton  and  has  discovered  kimberlites  in  the  Roper  River  region  of  the 
McArthur  Basin,  and  kimberlites  in  the  Timber  Creek  region. 

The  Timber  Creek  kimberlites  were  discovered  by  SPL  between  1991  and  1993,  and  are 
located  10km  due  south  of  the  township  of  Timber  Creek,  which  in  turn  lies  350km  south  of 
Darwin,  in  Australia's  Northern  Territory  (Figure  1).  They  are  the  first  kimberlites  discovered 
within  the  Victoria  River  Basin  and  intrude  early  to  mid  Proterozoic  limestones  and 
dolomites  (Sweet,  1977).  The  nearest  known  diamondiferous  intrusive  is  the  Argyle 
Lamproite,  some  250km  to  the  south  west.  The  Victoria  River  Basin  forms  part  of  the  Sturt 
Block  (Traves,  1955),  which  in  turn  is  distinguished  by  the  presence  of  undeformed 
Proterozoic  rocks  surrounded  by  highly  deformed,  metamorphosed  and  intrusive  rocks,  such 
as  the  Halls  Creek  Orogen  to  the  west  (Sweet,  1977).  Although  the  extent  of  the  Sturt  Block 
has  never  been  constrained  in  the  east,  the  work  of  Shaw  et  al  (1995)  suggests  that  it  may 
extend  beneath  most  of  the  Wiso  Basin.  Shaw  (op  cit.)  consider  the  tectonic  setting  of  the 
Timber  Creek  area  to  be  part  of  a  covered  Proterozoic  crustal  element  characterised  by  a 
subdued  magnetic  response. 

Figure  1:  Location  :  Timber  Creek  Kimberlites 
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Five  kimberlites  were  discovered  by  conventional  heavy  mineral  sampling  and  subsequent 
drilling.  Sample  results  suggest  that  an  additional  number  of  small  undiscovered  kimberlites 
exist  in  the  immediate  area.  The  first  kimberlite  discovered  (TC-01)  is  a  small  blow,  less  than 
50m  in  diameter,  which  is  associated  with  an  outcropping  dyke.  The  small  exposure  is 
heavily  silicified  and  brecciated.  The  remaining  four  kimberlites  (TC-02  to  05)  are  dykes  less 
than  2  metres  wide  which  strike  at  280°  to  310°.  Kimberlites  TC-01,  02,  03  and  04  all  have 
minor  surface  exposure.  The  TC-04  is  actually  a  small  dyke  swarm,  containing 
mineralogically  variable  kimberlite. 

The  kimberlites  have  no  significant  airborne  or  ground  magnetic  response  (due  partly  at  least 
to  their  size),  and  no  anomalous  TM  satellite  image  response.  An  airborne  EM  (Dighem) 
survey  also  failed  to  highlight  the  five  kimberlites. 

Chromian  spinel  and  diamond  were  the  only  kimberlitic  indicator  minerals  found  during  the 
prospecting  phase.  Diamonds  were  also  recovered  from  surface  samples  near  TC-01  and  TC- 
04.  Neither  ilmenite  nor  pyrope  garnet  was  found.  The  heavy  mineral  abundance  of  spinels 
from  each  kimberlite  is  proportional  to  the  percentage  of  diamond  inclusion  type  chromites, 
and  also  the  number  of  diamonds  recovered  from  the  rock.  Varying  proportions  of  corona 
textured  spinels  are  present  in  all  five  kimberlites.  Typical  microprobe  analyses  of  chromites 
from  TC-01  are  plotted  in  Figure  2.  Proton  Probe  trace  element  analyses  of  the  spinels 
(Griffin,  1993)  indicate  that  many  have  characteristics  of  Group  1  kimberlites.  In  some 
chromites  ZnO  and/or  MnO  has  replaced  MgO  possibly  due  to  low-T  metamorphic  re¬ 
equilibration. 


Figure  2 
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Only  hypabyssal  facies  kimberlite  is  present,  represented  by  porphyritic  and  highly  silicified 
brecciated  material.  Mineralogically,  they  are  classified  as  macrocrystic  probable  Group  1 
phlogopite  -  monticellite  kimberlites.  Due  to  the  extremely  altered  and  silicified  nature  of  the 
rocks,  petrographic  classifications  are  tentative.  Groundmass  minerals  are  generally  easier  to 
identify  than  the  macrocrystic  grains.  Most  of  the  kimberlites  contain  colourless  phenocrysts 


and  rare  macrocryst  pseudomorphs,  thought  to  be  altered  olivine  and  mica  (phlogopite). 
TC-01  in  particular  is  dominated  by  silicified  and  iron  stained  country  rock  fragments  (shales 
and  siltstones)  and  pseudomorphs.  Probable  groundmass  minerals  include  phlogopite, 
monticellite,  apatite,  perovskite  and  occasional  euhedral  opaque  spinel. 

Geochemically,  the  kimberlites  are  complex  and  variable.  The  severe  silicification  and 
carbonation  of  the  rocks  has  subdued  some  of  the  more  typical  “kimberlitic”  geochemical 
responses.  Elements  such  as  Nb,  Cr,  Ni,  Ti  and  Zr  are  generally  elevated  relative  to  local 
levels  in  the  area. 

The  weathered  nature  of  the  kimberlites  has  made  age  determination  difficult.  Mantle  zircons 
collected  from  a  bulk  sample  adjacent  to  TC-01  give  a  U/Pb  SHRIMP  date  of  1462  +/-  53  Ma 
(Armstrong,  1995).  However,  zircon  fission  track  data  from  the  same  bulk  sample  suggest  a 
possible  age  of  1038+/-66  Ma  (Green,  1996).  The  latter  result  may  have  been  effected  by  re¬ 
equilibration  due  to  regional  uplift  (D.  Phillips,  personal  comm.). 

Diamonds  have  been  recovered  from  kimberlites  01,  02  and  04.  Diamond  recovery  has  not 
been  attempted  for  the  other  two  kimberlites,  although  chromian  spinel  chemistry  would 
suggest  they  have  either  very  low  diamond  grades  or  are  barren.  Preliminary  analysis  of 
TC-01  suggests  that  it  has  a  grade  in  excess  of  100  CPHT.  The  diamonds  are  generally 
yellow  or  brown  in  colour,  often  displaying  green  radiation  spots,  particularly  within  deep 
cracks  or  ruts.  Most  of  the  diamonds  are  rounded  dodecahedral  crystals,  which  rarely  show 
growth  remnants,  suggesting  an  advanced  state  of  resorption. 
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SOURCE  CHARACTERISTICS  OF  BRAZILIAN  KIMBERLITES 

Bizzi,  L.A.1,  Pimentel,  M.2 

1.  SOPEMI  Pesquisa  e  Exploragao  de  Minerios  S.A.  SIA  Trecho  2,  lote  1591.  Brasilia,  DF,  Brazil. 

2.  Institute)  de  Geociencias,  Universidade  de  Brasilia,  70910-900.  Brasilia,  DF,  Brazil. 

The  source  characteristics  of  Group  I-type  kimberlites  (143Nd/144Nd  averaging  0.51270  and 
87Sr/86Sr  averaging  0.70440)  in  the  Paranatinga/Batovi  kimberlite  Province  in  eastern  Brazil 
contrast  markedly  with  the  Enriched  Mantle  source-type  kimberlites  now  recognized  in  the 
Jaibaras  (143Nd/l44Nd  averaging  0.51241  and  87Sr/86Sr  averaging  0.70532)  and  Moana  Tinguins 
(143Nd/,44Nd  averaging  0.51251  and  87Sr/86Sr  averaging  0.70639)  Kimberlite  Provinces  in 
northern  Brazil  and  with  those  reported  for  the  Coromandel  kimberlite  Province  (l43Nd/l44Nd 
averaging  0.51225  and  87Sr/86Sr  averaging  0.70525  for  kimberlites  5.5;  Bizzi  et  al.,  1995)  in 
central  Brazil. 

Peridotite  nodules  from  the  Jaibaras  kimberlites  yield  enriched  isotope  signatures  (143Nd/l44Nd 
averaging  0.51242  and  87Sr/86Sr  averaging  0.70521)  which  are  similar  to  those  of  the 
kimberlites  in  which  they  have  been  incorporated.  Such  an  observation  is  consistent  with  the 
overall  source  characteristics  of  the  kimberlites  and  implies  that,  as  much  as  the  isotopically 
similar  high-Ti  basalts  of  the  Maranhao  Basin,  such  kimberlites  either  undergone  extensive 
interaction  with  or  were  derived  from  LREE  enriched  sources  located  in  the  local  mantle 
lithosphere. 

The  enriched  source  type  kimberlites  in  Brazil  appear  to  be  restricted  to  areas  affected  by  Neo- 
Proterozoic  tectono-thermal  overprint  and  their  radiogenic  isotopes  are  consistent  with  a 
sequence  of  events  in  which  the  mantle  lithosphere  was  enriched  in  incompatible  elements  as 
a  result  of  that  [Braziliano]  event.  The  similarity  between  the  isotope  characteristics  of  the 
mantle  source  of  these  kimberlites  and  those  of  the  mantle  source  of  CFB’s  and  OIB’s  is 
tentatively  ascribed  to  large  scale  mantle  heterogeneities  and  to  processes  by  which  Brazilian 
continental  lithosphere  became  first  delaminated  and  then  contaminated  bits  of  South  Atlantic 
asthenosphere  from  which  hot  spot  islands  have  been  erupting. 

The  isotope  characteristics  of  the  Paranatinga/Batovi  Kimberlites  have  been  used  as  an  end 
member  in  the  simulation  of  the  mixing  process  proposed  for  the  Coromandel  area  by  Bizzi  et 
al  (1995)  on  the  basis  of  both  radiogenic  isotopes  and  PGE.  It  was  found  that  the  compositions 
of  the  Coromandel  Kimberlites  and  related  rocks  can  be  satisfactorily  duplicated  by  the 
addition  of  a  small  amount  of  Paranatinga/Batovi  component  to  the  average  [EMI-like]  mantle 
lithosphere  component  identified  in  Coromandel.  Interestingly  enough,  the  isotope  signatures 
of  the  Walvis  Ridge  basalts  (Richardson  et  al.,  1982)  could  also  be  simulated  using  such  end 
members.  Such  an  exercise  illustrates  the  possibility  of  tracking  some  of  the  kimberlites 
emplaced  along  the  125AZ  lineament  (Bardet,  1977)  and  the  Walvis  Ridge  basalts  to  the 
influence  of  a  DUPAL-type  mantle  plume  across  the  South  American  continent. 

Bardet,  M.G.,  1977.  Geologie  du  diamant.  Troisieme  parte:  gisements  de  diamants  D’Asie, 
D’Amerique,  D’Europe  et  D’Australasie.  Bureau  Recherches  Geologiques  et  Minieres, 
Memoire  83,  169p. 
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Mineralogical  and  Chemical  Model  of  Belarussian  Diatremes 

V.Bordon 

Institute  of  Geological  Sciences  of  the  Academy  of  Sciences  of  Belarus;  Minsk,  Belarus 

In  order  to  reveal  new  prospection  criteria  of  Kimberlite  occurrences  in  Belarus  and 
proceeding  from  data  available  on  the  geochemical  peculiarities  of  diamodiferous  kimberlite  fioldes 
(geo-  and  petrochemical  aspect  of  diamondiferous  province),  the  author  has  studied  the 
geochemical  and  mineralogical  specialization  of  the  southern  zone,  where  the  Rogachev-Zhlobin 
kimberlite  field  discovered  in  1989  is  located. 

A  pipe  is  formed  by  coarse-  medium-  and  fine-fragmental  xenotuff  breccias.  Rocks  are 
complex  heterogenous  formations  composed  of  enclosing  rock  fragments  (limestones,  dolomites, 
sandstones,  siltstones,  quartzites,  granitoids,  gabbroids,  metamorphic  rocks),  lapilli  of  volcanic 
formations  (kimberlites,  lamproites,  picrites)  and  chlorite-carbonate-serpentine  matrix  with  included 
xenocrysts  (quartz,  feldspars,  micas,  olivine,  spinel,  etc.). 

The  main  rock-forming  minerals  of  volcanic  formations  are  olivine,  phlogopite, 

clinopyroxene,  more  seldom  melilite,  alkali  amphibole,  pseudoleucite,  magnetite,  rarely  perovskite, 

sometimes  nepheline. 

Data  obtained  were  used  as  the  basis  to  develop  a  model  of  Belarussian  diatremes  involving  a 
series  of  diagrams  —  vertical  geochemical  section  of  tuff  breccias  and  their  enclosing  strata  and 
distribution  of  trace  elements  in  Devonian  deposits  laterally  overlying  a  diatreme. 

The  analysis  of  this  model  has  recognized  indicator  elements  that  are  chromium,  nickel, 
scandium,  manganese.  An  anomalous  geochemical  field  shows  an  insular  pattern. 

The  concentration  of  the  above  elements  was  studied  in  absorbing  rocks  of  the  sedimentary 
cover,  at  the  basement-cover  boundary.  The  geochemical  field  shows  there  a  concentric  pattern. 

So,  geochemical  investigations  carried  out  in  the  southern  zone  revealed  a  complex  of 

efficient  geochemical  indicators.  It  appeared  to  be  more  scanty  than  that  determined  for  the  Jakutsk 

diamondiferous  province. 
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Braslav  Field:  the  prospects  for  discovering  diamondiferous  rocks 

V.Bordon,  V.Astapenko 

Institute  of  Geological  Sciences  of  the  Academy  of  Sciences  of  Belarus;  Minsk,  Belarus 

Joint  magnetometric,  gravimetric,  electrical  prospecting,  geothermal,  geochemical  and  aerial 
photographic  studies  were  carried  out  within  the  Braslav  potentially  Kimberlite-bearing  field 
(Belarus)  distinguished  from  aeromagnetic  and  geological  data.  About  20  preliminary  selected 
anomalies  were  investigated,  five  of  which  are  of  obvious  interest  for  prospecting  (Soroki, 
Vasilkishki,  Churilovo,  etc.).  The  Soroki  anomaly  located  on  the  northern  side  of  the  same  name 
lake,  9.5  km  south  of  the  settlement  of  Voropayevo  (Postavy  district,  Vitebsk  region)  is  considered 
the  first  site  for  geological-prospection  drilling  to  be  started  at. 

Detailed  magnetometric  investigations  carried  out  in  the  Soroki  site  have  revealed  a  local 
magnetic  anomaly  showing  an  amplitude  about  400  nT,  an  oval  shape  and  the  longitudinal  axis 
striking  northwestwards.  The  calculations  of  DT  curve  suggest  that  the  anomaly  is  due  to  an  object 
occurring  at  a  depth  of  380  m  and  showing  a  magnetization  of  2,400x106  CGS.  A  borehole  was 
drilled  9  km  north  of  the  anomaly  at  the  settlement  Voropayevo  and  stripped  Devonian  deposits  at  a 
depth  of  100  m  and  Upper  Proterozoic  terrigenous  formations  at  a  depth  of  380  m.  The  data 
available  indicate  that  the  crystalline  basement  occurs  there  at  a  depth  of  700  m.  Magnetic  rocks  are 
not  found  in  the  sedimentary  cover  of  this  region.  So,  the  magnetizing  object  revealed  there  may  be 
considered  as  an  explosion  pipe  related,  probably,  to  the  Upper  Proterozoic  magmatic  stage. 
Gravimetric  survey  was  carried  out  along  the  profile  running  through  the  centre  of  the  magnetic 
anomaly  and  geothermal  data  were  obtained.  An  asymmetrical  gravity  anomaly  of  1  mGal  was 
recognized  within  the  magnetic  anomaly  area.  Geothermal  investigations  revealed  there  a 
geothermal  anomaly  that  is  shown  in  the  temperature  decreasing  by  0.70C  at  a  depth  of  2.5  m 
within  a  presumable  explosion  pipe.  Some  agreements  noted  in  geochemical  and  geophysical 
anomalies  revealed  by  different  methods  confirm  the  existence  of  anomalous  body  in  the  cover.  The 
geochemical  profile  coincides  with  the  geothermal  one.  In  each  borehole  two  samples  were  taken 
from  subsoil  sediments  (top  part  of  the  section)  and  two  samples  ~  from  underlyng  deposits 
(bottom  of  the  borehole).  The  boundaries  of  the  promising  anomaly  are  well-defined  in  the  profile 
by  a  sharp  increase  of  cobalt  and  nickel  concentrations  in  subsoil  sediments  and  of  chromium 
concentration  —  in  underlying  rocks  at  a  depth  of  2.5  m. 
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Chemical-genetic  classification  of  microcrystalline  oxides  from 
kimberlite  groundmass  and  new  system  of  diamondiferrouse 

prospecting 

Bovkun  A.V.,  Garanin  V.K.,  Kudriavtseva  G.P.,  Possukhova  T.V. 

Moscow  State  University,  Geological  dep. 

Kimberlites  are  main  rocks,  containing  to  industrial  concentration  of  diamonds, 
therefore  the  valuation  of  their  diamondiferrouse  prospecting  has  a  scientific  and 
practical  interest.  At  Diamond  Deposits  Laboratory  a  technique  of  valuation  of 
diamond  contain  in  kimberlite  pipes,  based  on  study  of  chemical  composition  of 
microcrystalline  (less  than  100  A)  oxides  from  kimberlite  groundmass  is 
developed. 

Objects  and  methods 

The  data  base,  including  396  full  microprobe  analyses  of  spinels,  ilmenites  and 
rutiles  from  Zolotitskoye,  Verkhotinskoye  and  Kepinskoye  kimberlite  fields  and 
Tourinskoye  basaltic  groups  was  created  (Garanin, Posukhova,  1994). 

For  reception  of  the  correct  analytical  information  a  special  technique,  enabling 
was  developed  to  grew  to  learn  close  on  a  structure  of  a  multicomponent 
ironferrouse  oxides,  the  size  of  which  is  close  to  resolution  of  a  device.  The  basis 
of  a  technique  is  made  by  2  programs:  the  program  of  the  quantitative  analysis  of 
the  images  on  degrees  of  brigtness  and  program  of  the  quantitative  modal  analysis, 
developed  by  the  authors  earlier  (Garanin  et  al.,  1984). 

The  technique  includes  filming  of  the  images  of  a  kimberlite  groundmass  with 
inclusions  of  microcrystalline  oxides  in  back-scattering  electrons  with  material 
contrast  and  in  characteristic  x-ray  beams;  imposing  of  the  received  images  with 
refinement  of  phase  borders;  quantitative  microprobe  analysis  of  phases; 
identification  of  phases  on  the  basis  of  created  in  laboratory  of  a  database  and 
association  in  groups  on  a  technique  of  the  claster  analysis.  The  quantitative 
analysis  received  color  images  permits  to  establish  the  friquency  of  allocated 
chemical-genetic  groups  of  oxides  in  kimberlites  and  on  the  basis  of  established 
correlation  connections  to  evaluate  the  diamondiferrouse  prosperities. 

Results  and  Discussion 

The  physical-chemical,  thermodynamic  and  kinetic  conditions  of  kimberlite 
crystallization  were  estimated  at  the  base  of  microcrystalline  phases  chemical 
composition  peculiarities.  By  cluster  analyses  methods  12  chemical-genetic  groups 
of  microspinels,  5  chemical-genetic  groups  of  microilmenites  were 
distinguished.The  oxides  from  distinguished  groups  differ  by  contents  of  main 
components  and  by  distribution  in  different  kimberlite  pipes  (Garanin  V.K.  & 
Posukhova  T.V.,  1994). 

The  high-  and  medium-Cr-picrochromites  of  the  first  and  second  cluster  groups 
were  crystallized  in  deep  conditions  in  diamond-stable  thermodynamic  region 
(Foley,  1985).  The  picroferro-  and  picroferrichromites  belonged  to  the  third 
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through  the  fifth  cluster  groups  and  the  Mg-Cr-Al-titanomagnetites  belonging  to 
the  eighth  through  the  tenth  cluster  groups  were  crystallized  in  less  depth  in 
diamond  -  non  -  stable  thermodynamic  region  (fig. 2).  The  high  -  and  medium  - 
Cr-picrochromites  of  the  first  and  the  second  cluster  groups  are  attributed  to  the 
beginning  of  the  crystallization  processes.  They  occur  in  inner  parts  of  inclusions 
in  microcrystalline  olivine.  The  Fe-Ti-rich  phases  belonging  to  the  eighth  through 
the  tenth  cluster  groups  characterize  the  ending  of  crystallization  processes.  They 
occur  in  outer  parts  of  microcrystalline  grains  in  kimberlite  groundmass. 

The  long  and  complicate  kimberlite  magma  evolution  was  accompanied  by 
modification  of  P-T  and  redox  conditions.  The  later  may  be  traced  by  the 
crystallization  trends,  which  are  specific  for  each  kimberlite  field  and  pipe. 

The  rich  pipes  of  Zolotitskoye  field  are  characterized  by  sharing  trend:  from  the 
high-  and  medium-  Cr-picrochromites  of  the  first  and  the  second  cluster  group  to 
Cr-ulvospinels  belonged  to  the  sixth  through  the  seventh  cluster  groups.  The  first 
prevails.  The  high-Ti-ferrous  phases,  such  as  ilmenites  and  rutiles  are  absent  in 
Zolotitskoye  field.  It  is  very  important,  that  the  high  -  Cr  -  picrochromites  of  the 
first  cluster  group  were  established  only  in  Zolotitskoye  field  pipes  and  in 
Verkhotinskoye  and  Kepinskoye  fields  they  are  absent. 

The  poor  pipes  of  Verkhotinskoye  field  are  characterized  by  sharing  trend.  There 
are  only  two  kinds  of  oxides:  the  medium- Cr-picrochro mite  of  the  second  cluster 
group  and  the  Mg-Cr-Al-titanomagnetite  of  the  eighth  cluster  group.  The  last 
kind  of  oxides  prevails.  Another  phases  are  absent.  It  means,  that  the  kimberlites 
of  Verkhotinskoye  field  pipes  formed  at  lesser  depths  and  under  the  conditions  of 
higher  oxygen  fugacity  (Irvine,  1967)  than  the  kimberlites  of  Zolotitskoye  field 
pipes. 

The  poor  pipes  of  Kepinskoye  field  are  characterized  by  full  trend:  from  medium- 
Cr-picroferrochromites  of  the  third  cluster  group  to  magnetites  of  the  tenth  cluster 
groups,  different  ilmenites  (fig. 3)  and  rutiles.  The  occurrence  of  medium-Cr- 
picroferro-chromites  of  the  third  cluster  group  means,  that  these  kimberlites  were 
formed  at  the  smaller  depths  in  diamond  -  non  -  stable  thermodynamic  region. 
Picroilmenite  exists  as  inclusions  in  olivine  and  also  as  xenomorphic  grains,  which 
differ  from  the  inclusions.  Mn-ilmenite  forms  rims  on  spinel  grains. 
Titanomagnetite  forms  rims  on  picroilmenite  grains  and  small  grains  in 
kimberlitic  groundmass.  The  microilmenite  crystallization  trend  from 
gemopicroilmenites  of  the  second  cluster  group  to  Fe-pirofanites  of  the  fifth 
cluster  group  was  established.  Such  trend  testifies  slow  cooling  at  low  temperatures 
(Garanin  et  al.,  1985).  The  concentration  of  Mg  and  the  indicator  index 
Fe3+/Fe3+  +  Fe2+  decrease  and  the  concentration  of  Mn  increases  during  the 
transition  from  2  cluster  group  to  3  and  4  groups  that  points  on  the  progressive 
increasing  of  potashing  and  oxiding  during  the  ilmenite  crystallization  in 
Kepinskoye  field  kimberlite.  The  occurrence  of  titanomagnetites,  ilmenites  and 
rutiles  means,  that  these  kimberlites  have  been  forming  during  the  long  time, 
under  the  conditions  of  fast  and  high  of  Fe3+  and  oxygen  activities  increasing. 
According  to  mutual  interrelation  of  the  minerals  the  following  probable  scheme 
of  events  can  be  proposed:  on  the  first  stage  of  kimberlitic  melt  crystallization  Cr- 
picrochromite  cores,  which  correspond  to  the  most  favourable  conditions  of 


diamond  preservation  crystallize.  Such  kind  of  spinels  are  similar  to  those  from 
kimberlite  groundmass  of  the  most  high-diamondiferous  pipes:  Mir, 
Intematsionalnaya.  Further,  as  the  crystallization  proceeds  olivine  crystals  with 
inclusions  of  picroferro-  and  picroferrichromites  start  to  appear,  and  the  centers 
of  early  microspinels  formed  medium-chromium,  iron  rims  down  to 
titanomagnetite  appearance.  This  stage  is  quite  similar  to  the  most  typical 
diamondiferous  kimberlites  from  the  majority  of  productive  pipes,  but  the 
composition  of  these  spinels  doesn't  reach  that  of  the  high-diamondiferous  bodies, 
that's  why  the  primary  diamond  potential  was  lower,  than  that  of  known  high- 
diamondiferous  bodies  from  the  Yakutian  province.  At  the  end  of  this  stage 
intensive  accumulation  of  titanium  with  forming  of  gemopicroilmenite  and  Mn- 
ilmenite  is  established  in  the  system.  Abundance  of  titanium  in  the  all  allignment 
causes  abrupt  increasing  of  diamond  dissolving,  which  could  bring  to  dissolving  of 
small  diamond  crystals  and  intensive  destruction  of  high-defective  crystals. 

Conclusion 

The  difference  of  kimberlite  magma  evolution  has  the  result  in  diamondiferrous  of 
kimberlite  pipes  and  it  must  be  take  -into  account  during  prospecting  and 
exploration  works.  The  results  of  our  investigation  show,  that  the  connection 
between  chemical  composition  of  the  microcristalline  oxides  from  kimberlite 
groundmass  and  quantity  and  quality  of  diamond  crystals  exists. 

The  conditions  of  high  contents  of  diamond  are  following:  -  the  presence  of 
high-Cr-picrocromites  of  the  first  cluster  group  with  >53.0  wt.%  Cr203,<  3.5 
wt.%  Ti02  and  9.0-14.0  wt.%  MgO; 

-  absence  and  low  content  (  <  25%  in  accidental  statistical  reliable  grains 
selection)  of  the  titanomagnetites  and  other  Ti-mineral-phases  (ilmenites,  rutiles, 
perovskite,  sphen). 
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Chemical-genetic  classifications  of  oxides  from  kimberlite  groundmass  as  a  basis  of  a  new 
technology  of  evaluation  of  diamond  potential  of  kimberlite  bodies  (on  an  example  of 
Yakutian  and  Arkhangelsk  diamondiferous  provinces) 

Bovkun,  A.V. ,  Garanin,  V.K. ,  Kudriavtseva,  G.P. ,  and  Possukhova,  T.V. 

Geological  Faculty,  Moscow  State  University,  Vorobievy  Gory,  119899,  Moscow,  Russia 

Introduction 

Until  now,  for  searching  of  diamondiferous  kimberlites,  the  evaluation  of  their  diamond 
potential  were  applied  technologies,  in  the  basis  of  which  were  fixed  typomorphic  features  of 
minerals  from  inclusions  in  a  diamond  and  diamondiferous  xenoliths  of  mantle  rocks  of  an 
ultrabasic  assosiation  (pyrope,  olivine,  pyroxene,  chromite  and  ilmenite).  As  an  example  it  is 
possible  to  recommend  simple  classifications  for  pyropes  and  chromites  (graphs  CaO  -  Cr203  for 
garnets  and  Ti02-Cr203  for  chromites  with  the  allocated  area  pyropes  and  chromites  from  inclusions 
in  a  diamond  and  dunite-harzburgite  diamond-bearing  paragenesis,  Sobolev,  1974). 

The  modem  classifications  were  developed  on  the  basis  of  a  database  of  garnet  chemical 
compositions  from  various  types  of  mantle  rocks  and  kimberlites  (Dawson,  Stephens,  1975)  with 
allocation  of  group  high  chromium  and  low  calcium  garnet  (G-10)  of  diamond-bearing 
paragenesis  and  on  the  basis  of  new  offered  chemical-genetic  classifications  of  garnet,  olivine, 
chromites  and  ilmenite  from  inclusions  in  a  diamond,  diamondiferous  rocks  and  other  types 
ultrabasic  and  basic  rocks  with  allocation  of  groups  these  minerals  of  diamond-bearing  paragenesis 
(Garanin  et  al.,  1991). 

As  it  is  established  now,  among  diamondiferous  kimberlites  were  found  such  rocks,  which  have 
extremely  a  low  output  of  minerals  of  heavy  fraction  (for  example,  Arkhangelskaya  diamondiferous 
province).  On  the  other  hand,  the  minerals  from  the  kimberlite  groundmass  can  give  a  very 
important  information  about  diamond  potential  of  kimberlite  bodies  (Garanin  et  al.,  1986,  1987; 
Garanin,  1991),  because  dynamics  of  kimberlite  melt  rising  is  reflected  as  on  evolution  of  minerals 
from  kimberlites,  as  a  diamond. 

The  diamond  deposit  laboratory  at  MSU  during  many  years  large  attention  gave  to  study  of  oxides 
minerals  from  the  groundmass  of  kimberlite  bodies  with  a  different  diamond  potential. 
Determination  of  ratio  of  different  oxide  minerals  from  the  groundmass  and  their  chemical 
composition  features  were  a  main  goal  of  such  investigations. 

Main  results  of  study  and  their  applications  for  evaluation  of  diamond  potential  of  kimberlite 
bodies 

For  kimberlite  bodies  of  the  Yakutian  diamondiferous  province,  the  most  sensitive  criteria  of 
their  diamond  potential  are  spinels  and  ilmenites  from  the  kimberlite  groundmass,  particularly 
quantative  ratio  between  these  minerals  and  relationships  of  such  oxides  with  rockforming  minerals 
of  kimberlites. 

Oxides  minerals  from  the  groundmass  of  20  Yakutian  kimberlite  pipes  (from  6  different  kimberlites 
fields,  from  central  parts  of  province  to  its  northern  edge)  were  studied.  There  are  various 
evolutionary  trends  of  spinels  and  ilmenites  from  the  groundmass  of  kimberlites  with  different 
content  of  Mg  in  kimberlite  melt.  Established  trend  features  precisely  correlate  with  a  of  diamond 
potential  of  pipes. 

The  first  is  trend  of  spinels  for  high-magnesian  kimberlites  (with  the  low  content  of  minerals  of 
ilmenitic  mantle  rocks  in  heavy  fraction).  It  is  pipe  Aikhal  with  high  diamond  grade  and  non¬ 
diamond-bearing  pipe  Obnazhennaya.  They  have  uniform  evolutionary  trend  from  picrochromites 
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with  57-58  mas.%  Cr203,  2%  Ti02  for  Aikhal  pipe  up  to  Ti-containing  picroferroferrichromites  with 
41%  Cr203  and  7-8%  Ti02  for  Obnazhennaya  pipe.  For  magnesian-ferriferous  kimberlites  (Mir  and 
Udachnaya  pipes  with  high  diamond  grade;  Dachnaya,  Dal’nyaya,  Leningradskaya  pipes  and 
others  pipes  with  low  diamond  grade,  Grenada  pipe  non-diamond-bearing),  in  which  in  heavy 
mineral  concentrates  are  widely  submitted  chromites  and  ilmenite,  are  precisely  allocated  two  equal 
trends:  spinelic  and  ilmenitic  ones.  The  spinelic  trend  begins  from  midium-chromium 
picroferrochromites  with  49-52%  Cr203  and  2,5-5, 5  %  Ti02  for  diamondiferous  pipes;  from 
midium-chromium  picroferrichromites  with  42-44%  Cr203  and  5-7%  Ti02  for  low  diamond  bearing 
pipes;  from  magnesian  Cr-bearing  ulvospinel  (37-38%  Cr203  and  9-10%  Ti02)  for  non-diamond- 
bearing  pipes.  All  these  trends  are  completed  by  titanomagnetite  crystallization  for  picritic  pipes 
(Velikan,  Montichellitovaya)  are  typical  Cr-bearing  ulvospinels  with  21-24%  Cr203  and  10-13% 
Ti02  are  typical.  Ilmenitic  trend  begins  from  picroilmenites  for  diamondiferous  pipes.  For  non¬ 
diamond-bearing  pipes  is  only  characteristic  Mn-containing  ilmenite.  Only  one  ilmenitic  trend  with 
predominantly  distribution  of  Mn-containing  ilmenite  is  established  for  magnesian  ferrriferous- 
titanian  non-diamond-bearing  kimberlites  with  low  contents  pyropes  and  chromespinels  and  with 
high  content  of  ilmenite  (Morkokka  pipe). 

The  database  was  created  on  the  representative  set  of  full  electron-probe  analyses  (more  than  1 000) 
spinels  and  ilmenites  from  the  groundmass  of  all  studied  kimberlites,  objects  with  a  different 
diamond  potential  and  picrites.  The  claster  analysis  of  these  analytical  data  was  done,  and  on 
allocated  groups  of  ilmenites  and  spinels  chemical-genetic  classifications  were  developed  for  these 
minerals,  some  of  them  correspond  to  diamond-bearing  kimberlites  with  different  diamond  grade 
and  non-diamond-bearing  rocks.  With  application  of  discriminate  functions  for  all  chemical-genetic 
groups  new  technology  of  evaluation  of  diamond  potential  of  kimberlites  on  the  basis  of  features  of 
chemical  composition  of  spinels  and  ilmenites  from  the  kimberlite  groundmass  is  offered  . 

The  technology  of  diamond  potential  evaluation  of  kimberlites  bodies  of  the  Arkhangelsk 
province  differs  from  developed  for  Yakutian  one.  Kimberlites  of  Arkhangelsk  province  are 
more  magnesian,  and  an  output  of  heavy  mineral  concentrates  is  very  low  for  them.  This  province 
is  more  contrastic  on  zonal  structure.  In  heavy  mineral  concentrates  of  pipes  of  diamondiferous 
Zolotitskoye  field  (M.V.  Lomonosov  deposit)  are  submitted  minerals  of  an  ultrabasic  rocks: 
chromespinels  and  pyropes  at  complete  absence  of  ilmenite.  A  following  field  is  Verkhotinskoye 
one.  It  is  similar  on  a  composition  and  ratio  of  minerals  of  heavy  mineral  concentrate  with 
kimberlites  of  Zolotitskoye  field,  but  with  more  low  diamond  grade.  From  east  edge  these  two 
fields  neiboured  by  bodies  of  Kepinskoye  and  Soyanskoye  fields,  for  which  products  of 
desintegration  of  ilmenitic  ultrabasic  rocks  (ilmenite  and  red-orange  garnet)  are  characteristic.  In 
these  fields,  as  well  as  from  south  are  allocated  the  groups  of  melilitite  bodies.  These  fields  of 
kimberlites  and  melilitites  are  very  low  diamond-bearing  or  non-diamond-bearing  ones. 

Study  of  oxide  minerals  from  kimberlite  groundmass  has  specified  well  advanced  differentiation  of 
kimberlite  rocks  at  transition  from  the  bodies  of  Zolotitskoye  diamondiferous  field  to  the  pipes  of 
low  grade  or  non-diamond-bearing  Kepinskoye  field.  The  kimberlite  groundmass  of  the  pipes  of 
Zolotitskoye  field  have  only  Al-Ti-containing  chromespinels  (more  than  70%),  sometimes  with  thin 
rims  of  the  chromium  ulvospinel  (30%), and  the  diamonds  in  the  form  of  rombododechaedron  form 
(about  50%  of  gem’s  quality).  In  pipes  of  Verkhotinskoye  field  all  rare  grains  Al-Ti-containing 
chromespinels  (5%)  are  unhomogeneous  with  the  development  of  titanomagnetites  in  the  rims. 
Separate  grains  of  titanomagnetites  are  prevalence  in  the  kimberlite  groundmass  (95%).  All  rare 
crystals  of  a  diamond  are  resorbed  ones,  down  to  formation  of  the  skeletal  forms.  In  pipes  of 
Kepinskoye  and  Soyanskoye  fields  there  are  rare  zoning  grains  Al-Ti-containing  chromespinels 
(2%);  Mn-containing  ilmenite  (5%);  rutile  (43%),  sometimes  in  aggregated  with  ilmenite; 
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titanomagnetite  (50%).  The  rare  grains  of  a  diamond  and  their  aggregates  are  resorbed  and  are 
submitted  by  fragments. 

The  claster  analysis  of  a  database  of  spineles  (500  analyses)  and  the  developed  chemical-genetic 
classification  have  shown  that  only  kimberlite  rocks  of  diamondiferous  Zolotitskove  field  have 
group  high-chromium  picrochromite  (56%  Cr-fh.  2%  TiO-,  and  6,5%  FeA).  Thus,  a  typomorphic 
features  of  chemical  composition  of  chromespinels  are  used  in  this  classification  as  mineralogical 
criterion  of  evaluation  of  diamond  potential,  and  the  presence  of  titanomagnetite,  ilmenite  and  rutile 
-  as  a  negative  attribute  of  diamond  grade. 

Complete  evolutionary  trends  of  chemical  composition  variation  for  spinels,  a  wide  distribution  of 
zonal  grains  and  separate  grains  of  titanomagnetite,  the  presence  of  ilmenite  and  rutile  at  a 
kimberlite  groundmass  are  the  indicators  of  high  oxidizing  potential,  which  at  long  process  of 
kimberlite  body  formation  in  high-temperature  conditions  promotes  solution  and  destruction  of  a 
diamond,  that  can  sharply  lower  diamond  potential  in  the  object. 

Thus,  for  estimation  of  potential  diamond  grade  of  kimberlites  of  Arkhangelsk  province  original 
technology  is  used,  in  the  basis  of  which  chemical-genetic  classification  of  chromespinels  lies,  and 
for  evaluation  real  diamond  are  involved  yet  the  whole  number  of  attributes  of  a  chemical  and 
phase  composition  variations  of  oxide  minerals  at  increasing  oxidizing  potential  during  of  all 
history  of  kimberlite  rocks  crystallization. 
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Diamonds  from  Timan  placers:  morphology,  spectroscopy  and  genesis 

Bovkun,  A.V.  ,  Garanin,  V.K.  ,  Kudriavtseva,  G.P.  ,  and  Possukhova,  T.V. 

Geological  Faculty,  Moscow  State  University,  Vorobiovy  Gory,  1 19899,  Moscow,  Russia 

The  collections  of  55  diamond  crystals  from  Timan  placers  was  studied  by  method  of  scan¬ 
ning  electron  microscopy  on  SEM  JSM  -  T20  (JEOL,  Japan)  and  spectroscopic  method  on  absor¬ 
ption  spectra  in  visible  and  ultraviolet  ranges  on  the  MPS  -  2000  spectrophotometer  (Shimadzu, 
Japan).  Morphological  discription  was  done  on  the  basic  Yu.L.  Orlov  classification  (1984). 

Morphology 

Diamonds  of  the  I  morphological  type  prevail  (52.7  %).  Rombododecahedron  are  widely 
distributed  among  investigated  crystals.  Usually  they  are  colorless  crystals  and  have  clear 
defonnated  features.  The  isometric  crystals  occur  less  often.  There  are  marked  diverse  the 
sculptures  of  solution  on  the  surfaces  of  crystals:  knob-like  structure  is  formed  by  hillocks;  mosaic 
sculpture  consist  of  separate  blocks  similar  to  false  sides,  forming  entering  corners:  ribbing 
hatching  is  formed  by  concentric  lines,  enviromental  axis  L3  ,  as  well  as  traces  of  plastic 
deformation.  Transition  O-D  crystals  with  hatching  and  mosaic-block  ornament  occupy  the  second 
place  in  abundance.  Octahedral  diamonds  are  rare.  They  have  ribbing  and  serrate  relief,  triangular 
growth  platelets  and  different  corrosion  sculptures  (triangular  pits,  cracks  and  etch  channels). 
Diamonds  of  the  II  type  (1.8  %)  are  submitted  by  fragments  of  tetrahexahedra  with  characteristic 
knobby  relief  on  the  faces  (hko)  and  tetragonal  pits  on  the  cubic  faces. 

Diamonds  of  the  III  type  (7.3  %)  are  rare.  Crystals  of  this  morphological  type  were  observed  as 
small-sized  fragments,  translucent  or  opaque,  mosaic-blocked,  knobby  rombododecahedra.  They 
are  grey,  smoky.  There  are  numerous  corrosion  pits  and  etch  chanells  on  the  surfaces  of  such 
diamonds. 

Diamonds  of  the  IV  type  (3,6  %)  are  represented  by  fragments  of  the  unregular  shape  of  dark-grey 
diamonds.  They  have  a  hatching  surfaces.  Their  internal  transparent  nucleus  is  surrounded  by  thin 
rim  with  fibrous  structure.  There  are  numerous  fine  black  inclusions  in  this  outer  part  of  crystals. 
Diamonds  of  the  V  type  (29.1  %)  are  rather  numerous.  The  rounded  rombododecahedra  with 
knobby  surfaces  are  most  popular  among  this  type  of  crystals. Octahedral  ribbing  crystals,  transition 
combinational  O-D  crystals  and  tetrahexahedra  are  less  often.  Usually  they  are  presented  by 
colorless,  transparent  or  translucent  diamonds,  with  yellow  or  smoky  colored  zone  crystals  and 
aggregates,  which  are  saturated  by  dark-grey  or  black  graphite-liked  inclusions  in  external 
yranslucent  zones.  The  significant  share  is  represented  by  twins  and  polycrystalline  aggregates 
predominary  of  octahedral  crystals.  There  are  marked  cavities  of  solution,  induction  cavities  and 
bands  of  plastic  deformation  on  some  crystals.  The  small-sized,  vectorially  correct  corrosion  pits 
and  various  kinds  of  hatching  are  founded  frequently 
Diamonds  of  the  VI  type  are  not  discovered  among  studied  collection. 

Diamonds  of  the  VII  type  are  unregular  aggregates  of  rounded  crystals  with  knobby  and  hatching 
surfaces  of  faces  and  bands  of  deformations.  The  largest  part  of  these  diamonds  is  colorless,  some 
of  them  has  yellow  or  smoky  color.  They  are  saturated  by  black  inclusions,  cracks  and  secondary 
outgrowthes  (Bovkun  et  al..,1996). 

By  comparison  of  morphology  of  diamonds  from  Timan  placers  with  diamods  from  kimberlite 
pipes  of  the  Arkhangelsk  kimberlite  province  and  Ural  placers  (Degtyareva  et  al.,  1994;  Kuharenko. 
1955;  Makhin  et  al.,  1992)  similarity  of  their  morphological  features  was  established.  Prevalence 
colorless  rounded  rombododecahedron  crystals  of  the  I  type  at  relatively  high  contents  of  the 
diamonds  of  the  V-th  and  VU-th  types  and  at  low  contents  of  octahedra,  and  only  on  small-sized 
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classes  (less  then  0.5  mm)  are  common  morphological  features  of  diamonds  from  these  different 
regions.  Also  practically  all  diamonds  have  sculptures  of  solution  and  traces  of  corrosion. 

Spectroscopy 

The  majority  of  investigated  crystals  are  shown  absorbtion  spectra  of  type  P-1.  Diamonds  with  an 
edge  of  absorption  on  the  UV-range  (300  nm)  and  series  of  bands  N3,  N2  and  N4  belong  to  this 
type  according  to  physical  diamond  classification.  They  contain  A-defects  and  B-  defects.  Usually 
they  are  transparent  and  colorless  crystals. 

Following  on  friquency  are  transparent  crystals  of  diamonds  with  the  P-2  type  of  spectrum.  Their 
spectra  have  an  edge  of  absorption  close  to  300  nm,  and  spectra  have  not  system  of  lines  N3,  N2 
and  N4.  Such  crystals  have  A-defects  only. 

The  small  group  of  crystals  refers  to  intermediate  type  (between  P-1  and  P-2).  The  spectra  of  this 
type  of  diamonds  has  the  absorption  edge  at  300  nm,  and  N3  line  is  a  extremely  weak.  There  are 
low  concentrations  of  B-defects  and  rather  high  content  of  A-defects. 

Small  group  of  crystals  has  a  spectrum  of  the  P-3  type. The  crystals  of  this  type  have  spectra  with 
the  edge  of  absorption  at  225  nm  (for  diamonds  of  Ila  type)  or  shift  to  the  range  260-270  nm  (for 
diamonds  of  the  type  la  -  Ila);  N3,  N2  and  N3  lines  are  apsent  on  their  spectra. 

Rather  the  significant  share  belong  to  diamonds  of  yellow  and  smoky-grey  color  (the  J-  type  of 
spectrum).  There  are  yellow  diamonds  of  cubic  habit  and  diamonds  in  "shells". Their  spectra  are 
characterized  by  intensive  short-wave  absorption  which  is  stipulated  by  C-defects. 

It  is  interesting  to  note  that  in  distribution  of  crystals  with  various  type  of  absorption  spectra  in  the 
visible  and  UV-ranges  and  on  coloring  are  also  scheduled  features  of  similarity  with  diamonds 
from  Timan  ,Ural,  Northern  Yakutiya  placers  and  from  Arkhangelsk  kimberlite  pipes.  This 
prevailing  types  of  spectra  P-1,  P-2  and  J-types,  and  on  the  coloring  -  transparent,  colorless  with 
yellowish  and  smokv-grey  shadows. 

Genesis 

All  set  of  estabshed  data  shows  that  diamonds  from  peripherical  parts  of  European  and  Siberian 
platforms  have  general  conditions  of  formation,namely,  they  have  undergone  resorbtion  conditions 
with  higher  oxidizing  potential  at  slower  rising  of  kimberlite  melts  in  compare  with  central 
diamondiferous  fields  of  Yakutiya  kimberlite  province.lt  should  be  outline  that  in  having  sited  of 
Yakutiya  on  a  background  of  commercial  placers  are  present  a  numerous  diamond-bearing  pipes 
and  non-diamond-bearing  ones.  For  Arkhangelsk  kimberlite  province  clear  law  in  position  and 
mineral  composition  of  diamondiferous  and  non-diamond-bearing  pipes  is  revealed.  All  facts  of 
diamond  grade  differences  in  the  peripherical  parts  of  kimberlite  provinces  can  be  explained  from 
conception  of  vertical  and  horizontal  zoning  of  provinces  (Garanin  et  al.,  1991).  From  position  of 
this  conception  it  is  possible  to  propose  that  diamondiferous  placers  of  Timan  were  formed  at 
erosion  of  kimberlite  bodies  which  were  crystallized  at  phisical-chemical  conditions  with  relatively 
higher  oxidizing  potential.  The  alcaline  and  temperature  conditions  had  changed  with  depth,  and  it 
was  a  one  main  reason  of  decreasing  of  diamond  grade  with  depth  in  the  kimberlite  pipes.  The 
processes  of  erosion  were  responsible  for  placer  formation  predominary  from  diamondiferous  upper 
parts  of  kimberlite  pipes,  which  nowdays  have  roots  with  low  diamond  grade.  By  similar  way 
commercial  industrial  diamond  placers  were  formed  in  the  Northern  Yakutiya. 

These  facts  need  to  be  considered  for  prospecting  and  seaching  of  diamondiferous  kimberlite  on  the 
Northern  European  part  of  Russia  and  Northen  Yakutiya. 
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Spinel-facies  peridotites  are  of  particular  interest  because  they  are  believed  to  form  the 
uppermost  part  of  the  craton  lithosphere  and  might  in  principle  differ  in  age  and  origin  from  the 
underlying  garnet  peridotites.  This  report  is  based  on  bulk  and  mineral  analyses  for  21  large 
specimens,  some  with  isotopic  and  trace  element  determinations,  from  Premier,  Kimberley,  Letseng- 
la-terai,  and  Frank  Smith/Weltevreden.  Similar  rocks  have  been  found  at  Liqhobong  (Boyd  and 
Nixon,  1975),  Pipe  200  (Carswell  et  al.,  1979)  and  Ngopetsoeu  (Carswell  et  al.,  1984).  Their 
widespread  occurrence  within  the  craton  is  evidence  that  they  may  form  a  layer  between  the  Moho 
and  the  underlying  garnet  peridotites  and  this  conjecture  is  supported  by  experimental  studies  of  the 
spinel-  to  gamet-facies  transition  (e.g.  Harley  and  Carswell,  1990). 

The  most  distinguishing  characteristic  of  the  spinel-facies  peridotites,  aside  from  the  absence 
of  garnet,  is  that  the  AI2O3  contents  of  their  enstatites  are  markedly  higher  than  are  those  of 
enstatites  that  have  equilibrated  with  garnet  at  temperatures  below  1100-1200°C.  Enstatites  in 
spinel-facies  peridotites  from  the  Kaapvaal  craton  contain  1.5-4. 5  wt.  %  AI2O3  in  contrast  with 
enstatites  in  the  low- temperature  garnet  peridotites  that  commonly  contain  only  0.6-0. 8  wt.  % 
AHO3  (Fig.  1).  Other  characteristics  of  the  Kaapvaal  spinel  peridotites  include  the  occurrence  of 
aluminous  spinels,  commonly  in  symplectite  intergrowths  with  a  variety  of  silicate  phases  and  the 
presence  of  fine  exsolution  lamellae  in  enstatite  crystals. 

Low-temperature  garnet  peridotites  from  the  Kaapvaal  craton  have  high  Mg  numbers  (91.5  - 
93.5  for  olivine)  combined  with  a  wide  range  in  the  proportions  of  olivine  and  orthopyroxene  (10-45 
wt.  %  opx).  In  these  respects  they  differ  markedly  from  oceanic  peridotites  (Boyd,  1989). 
However,  there  is  virtually  complete  overlap  in  Mg  number  and  modal  proportions  of 
orthopyroxene  for  the  Kaapvaal  spinel-  and  gamet-facies  peridotites  (Fig.  2).  The  compositional 
differences  between  oceanic  and  cratonic  peridotites  are  pronounced,  independent  of  facies.  The 
Kaapvaal  spinel  and  garnet  peridotites  have  overlapping  ranges  of  bulk  CaO,  AI2O3  and  Cr  number 
although  the  average  Cr  number  for  the  spinel-facies  rocks  (0.202)  is  a  little  larger  than  that  for  the 
garnet  peridotites  (0.154).  Inhomogeneities  in  mineral  composition  are  more  pronounced  in  the 
spinel-facies  peridotites,  most  likely  reflecting  lower  ambient  equilibration  temperatures. 

REE  patterns  (obtained  by  SIMS)  of  diopsides  from  Kaapvaal  spinel  facies  peridotites  (Fig. 
3)  show  marked  variations  in  overall  abundances  and  shapes  of  chondrite-normalized  patterns.  REE 
patterns  are  not  as  steep  as  those  for  diopsides  from  low-T  garnet  facies  peridotites  (Shimizu, 


1975)  because  there  is  no  preferential  partitioning  of  HREE  into  co-existing  garnet.  Sample  914 
shows  relatively  high  levels  of  LREE  enrichment,  with  a  peak  concentration  at  La,  compared  to 
diopsides  in  garnet-facies  rocks  which  commonly  peak  at  Nd.  Despite  the  fact  that  diopside 
probably  equilibrates  faster  with  metasomatic  melts,  the  varying,  complex  patterns  are  an 
integration  of  the  multiple  processes  and  varying  degrees  of  equilibration  experienced  by  these  rocks 
(Shimizu  et  al,  1997).  The  sharply  concave  nature  of  the  REE  pattern  of  FRB  1425,  with  a  marked 
gradient  from  Dy  to  Yb,  may  reflect  the  imposition  of  a  metasomatic  signature  on  an  extremely 
LREE  depleted  protolith. 

Densities  for  Kaapvaal  peridotites  have  been  calculated  using  mineral  densities  determined 
by  Boyd  and  McCallister  (1976).  Data  for  PHN  1569  were  used  for  the  spinel-facies  and  low- 
temperature  garnet  peridotites  and  those  for  PHN  1611  for  the  high-temperature  peridotites.  A 
plot  of  these  densities  against  temperature  and  depth  has  a  positive  trend  (Fig.  4)  analogous  to  the 
isopycnic  trend  of  Jordan  (1988)  although  most  of  the  spinel  and  low-temperature  garnet 
peridotites  are  more  buoyant  than  his  estimates.  Temperatures  for  the  spinel  peridotites  were 
calculated  with  the  Tbkn  thermometer  of  Brey  and  Kohler  (1990)  with  an  assumed  pressure  of  20 
kb.  The  depth  scale  in  Fig.  4  was  taken  from  a  T/P  plot  for  the  low-temperature  garnet  peridotites. 

Caveats  are,  nevertheless,  in  order  in  regard  to  the  plot  shown  in  Fig.  4.  The  high- 
temperature  peridotites  are  metasomatic  rocks  in  poorly-known  degree  and  their  densities  may  not 
be  representative  of  the  mantle  in  the  depth  range  from  which  they  are  derived.  Moreover,  there  is  a 
pronounced  overlap  in  density  and  temperature  between  the  spinel  peridotites  and  the  lowest- 
temperature  garnet-facies  rocks.  >  This  implies  a  failure  of  equilibration  and  possible  errors  in 
thermobarometry. 

The  spinel  peridotites  have  Os  model  ages  ranging  to  3  Ga  (Carlson  et  al.,  this  volume)  and 
are  thus  similar  in  age  as  well  as  in  composition  to  the  low-temperature  garnet  peridotites.  There  is 
thus  no  reason  to  suppose  that  their  origin  differs  from  the  underlying  garnet  peridotites. 
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Textural  and  Petrological  Variation  Within  the  Crater  Facies 
Kimberlite  Bodies  of  the  Fort  a  la  Corne  Province,  Saskatchewan, 

Canada 
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The  kimberlite  bodies  of  the  Fort  a  la  Come  province,  in  central  Saskatchewan,  were 
identified  under  100  m  of  glacial  overburden  by  geophysical  methods  in  1988,  and 
were  confirmed  by  drilling  in  1989  (Lehnert-Thiel  et  al ,  1992).  Significant  amounts 
of  gem  quality  diamonds  have  been  recovered  but  no  horizons  of  economic  grade 
have  been  determined  as  yet.  Large  diameter  drilling  evaluation  of  these  deposits  is 
currently  ongoing  by  the  Fort  a  la  Come  joint  venture  (consisting  of  Uranerz 
Exploration  and  Mining  Ltd.,  Cameco  Corp.,  Monopros  Ltd.  And  Kensington 
Resources). 

The  Fort  a  la  Come  kimberlite  province  consists  of  more  than  seventy  separate 
kimberlite  bodies  within  an  area  of  30  x  45  km,  apparently  making  it  one  of  the 
largest  kimberlite  fields  in  the  world  (Scott-Smith  et  al ,  1994).  The  morphology  of 
the  Fort  a  la  Come  kimberlites  differs  significantly  from  the  majority  of  other 
kimberlites,  both  in  Canada  and  world  wide,  in  that  they  are  saucer- shaped  (Scott- 
Smith  et  al .,  1994)  kimberlite  crater  facies,  as  opposed  to  the  classic  flared,  carrot¬ 
shaped  diatremes  of  kimberlites  in  southern  Africa.  This  unusual  morphology 
provides  diameters  of  up  to  1600  m  with  depths  greater  than  250  m.  Whilst  the  crater 
facies  of  the  Fort  a  la  Come  kimberlites  have  been  preserved  and  sampled,  there  has 
been  no  drilling  intersection  of  diatreme  facies  at  depth.  There  does  not  appear  to  be 
any  form  of  diatreme  development  at  the  centre  of  the  circular  geophysical  anomalies 
produced  by  the  separate  bodies.  The  Fort  a  la  Come  kimberlites  have  been 
stratigraphically  constrained  as  being  late  Cretaceous  in  age. 

Petrographic  analysis  of  samples  taken  from  eight  of  the  Fort  a  la  Come  bodies  has 
identified  a  variety  of  textural  and  mineralogical  facies  present  both  within  and 
between  the  different  bodies.  This  intra-  and  inter-kimberlite  petrographic  variation 
of  these  kimberlites  suggests  that  there  were  different  eruptive  processes  occurring 
during  the  emplacement  of  the  Fort  a  la  Come  province.  The  most  obvious  variations 
are  in  the  size  and  abundance  of  various  mantle  phases,  e.g.  macrocrystic  olivine, 
garnets  etc;  and  the  differing  abundance,  size,  and  textural  habit  of  a  lapilli  phase. 
This  study,  which  is  part  of  a  PhD  thesis,  has  catalogued  and  correlated  these  different 
facies,  and  then  utilised  the  results  on  order  to  consider  their  petrogenesis. 

Olivine  is  the  most  abundant  mineral  throughout  all  of  the  intervals  observed  within 
all  eight  bodies.  It  ranges  in  abundance  from  ~50  to  >  80  modal  %,  and  in  size  from 
<  0.5  mm  euhedral  phenocrysts  to  >  5  mm  rounded  and/or  fragmental  macrocrysts. 
Olivine  occurs  in  two  textural  habits:  within  lapilli;  and  within  the  inter-lapilli 
groundmass/matrix  interstitial  phase.  The  lapilli  are  easily  differentiated  by  their  fine- 


grained,  melanocratic  groundmass  that  is  much  darker  than  the  material  that  is 
interstitial  to  the  lapilli.  The  lapilli  display  a  variety  of  textural  forms,  which  range 
from:  amoeboid  lapilli  with  irregular-curvilinear  margins;  to  rounded  lapilli  (some  of 
which  appear  to  have  a  concentric  arrangement  of  phenocrysts);  through  to  lapilli  with 
angular  margins. 

The  other  major  primary  mineral  phases  encountered  within  the  Fort  a  la  Come 
kimberlites  are  pyrope  garnets,  phlogopite  mica  and  opaque  phases  consisting  of 
chromites  and  ilmenites.  There  appears  to  be  a  paucity  of  any  fresh  clinopyroxene. 
There  are  numerous  alteration  assemblages  including  various  forms  of  serpentine, 
amorphous  and  pervasive  vein  carbonate,  and  amorphous  magnetite.  These 
assemblages  are  predominantly  found  within  the  material  that  is  interstitial  to  the 
lapilli  and  crystalline  phases.  All  the  crystalline  phases  present  display  extensive 
alteration,  and  some  have  been  completely  pseudomorphed  by  secondary  minerals. 
This  gross  pervasive  alteration  has  also  obliterated  the  lapilli  from  some  intervals. 
Within  individual  thin-sections  that  display  extensive  alteration  products,  there  are, 
paradoxically,  juxtaposed  examples  of  olivine  which  have  intact  remnant  cores  that 
are  suitable  for  EPMA  (Electron  Probe  Micro-Analysis). 

There  appear  to  be  two  major,  Group  1  kimberlite,  petrographic  facies  within  the  eight 
bodies  observed.  There  is  a  coarser-grained  (2  -  5  mm)  lapilli-dominated  pyroclastic 
kimberlite,  and  a  finer  (<  2  mm)  olivine  crystal-dominated  pyroclastic  kimberlite. 
The  former  facies  has  greater  abundances  of  macrocrystic  olivine,  garnet,  phlogopite 
and  opaques  often  within  lapilli,  or  with  evidence  of  a  lapilli  selvage.  With  the 
exception  of  the  phlogopite,  these  macrocrystic  components  often  have  an  angular  or 
fragmental  habit.  The  latter  facies  have  fewer  macrocrystic  minerals  and  are 
dominated  by  finer-grained  euhedral  olivine  crystals  and  phlogopite  laths;  these  facies 
also  have  a  greater  incidence  of  small  (<0.5  mm)  euhedral  opaques  within  the 
interstitial  phase. 

This  present-day  morphology  and  preservation  of  the  Fort  a  la  Come  deposits  is 
thought  to  reflect  the  geological  environment  at  the  time  of  emplacement  (Scott-Smith 
et  al. ,  1994).  The  observations  drawn  from  this  petrological  investigation  have  been 
considered  with  respect  to  the  unusual  morphology  of  the  host  bodies  and  their 
apparent  lack  of  a  diatreme  phase.  The  subsequent  conclusions  drawn  have  been  used 
to  posit  an  emplacement  mechanism  that  could  produce  the  petrographic  variation 
detailed  within  the  enigmatic  kimberlite  bodies  of  the  Fort  a  la  Come  province. 
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Background 

Global  surface  heat  flow  data  (Pollack  et  al.  1993)  indicate  that  cratons  are  presently  characterised 
by  some  of  the  lowest  geothermal  gradients  on  Earth  (generally  ~10  °C.km_1).  Thermobarometry  data 
from  mantle  xenoliths  hosted  by  on-craton  dimondiferous  kimberlites,  mostly  of  Paleozoic  to 
Mesozoic  age,  generally  document  geotherms  consistent  with  the  low  present  day  surface  heat  flow 
for  these  terrains.  Furthermore,  Archaean  and  Proterozoic  ages  inferred  for  diamonds  from  various 
localities  and  Re-Os  isotopic  data  from  sub-cratonic  mantle  xenoliths  make  a  strong  case  for  the 
extreme  longevity  of  these  low  thermal  gradients.  Overall  the  available  data  indicate  that  low  thermal 
gradients  have  persisted  within  many  cratonic  regions,  in  some  places  since  the  Archaean,  and  at  least 
the  Neoproterozoic  more  generally. 

In  addition  to  the  abundant  evidence  for  the  extreme  longevity  of  cold  and  thick  cratonic 
lithosphere  there  is  also  mounting  evidence  which  indicates  that  the  these  ancient  cratonic  roots  can  be 
destroyed  by  later  tectonothermal  events.  For  example,  geochemical  data  for  mantle  xenoliths  and 
alkaline  magmas  from  the  Sino- Korean  craton  indicate  a  dramatic  thinning  of  the  cratonic  lithosphere 
from  180-220  km  during  the  Palaeozoic  to  <120  km  by  beginning  of  the  Tertiary  (Griffin  et  al., 
1998a).  A  similar  history  of  thinning  is  suggested  for  the  Wyoming  craton  in  North  America  (Eggler 
et  al.,  1988).  Geochemical  and  fission  track  data  from  South  Africa  point  to  an  analogous  history  of 
thinning  for  the  lithospheric  mantle  beneath  the  Kaapvaal  craton  during  the  mid-Cretaceous. 


Kaapvaal  >  90  Ma 


Kaapvaal  <  90  Ma 


Kimberlites  &  lithospheric  mantle  evolution 

Proton  microprobe  trace  element  analyses  of  >700  garnet  concentrate  garnets  have  been  obtained 
from  a  wide  range  of  kimberlites  (n=18),  ranging  in  age  from  140Ma  to  80Ma,  from  the  Kaapvaal 

craton  in  South  Africa.  These  data  suggest  that  a  major 
change  in  the  composition  and  thermal  structure  of  the 
lithosphere  occurred  beneath  the  craton  over  a  short 
period  at  about  90  Ma  ago  (Figure  1). 

Kimberlites  erupted  prior  to  90  Ma  sampled  a 
harzburgite-  rich  (especially  between  140- 180km) 
lithosphere  ca  210-220  km  thick,  which  had  a  geotherm 
near  the  34  mW.nr2  conductive  model  and  was  only 
mildly  affected  by  melt-related  metasomatism  near  the 
base.  Kimberlites  erupted  after  90  Ma  sampled  a 
strongly  modified  lithosphere:  about  80%  of  the 
volume  at  depths  >170  km  was  affected  by  melt-related 
metasomatism,  the  proportion  of  harzburgite  was 
Figure  1.  Lithospheric  sections  beneath  the  Kaapvaal 
craton  for  two  time  slices  (before  90Ma  (left  and  after  90Ma 
(right)),  constructed  from  data  on  concentrate  garnets  and 
xenoliths.  The  lithosphere  base  corresponds  to  the  1250  °C 
isotherm;  the  increase  in  geotherm  associated  with 
lithosphere  thinning  at  ca  90  Ma  also  has  driven  the 
graphite-diamond  transition  to  greater  depth. 


reduced  significantly  by  metasomatic  processes  (Griffin  et  al.,  1998b),  the  geotherm  had  risen  to  near 
a  40mW.m-2  conductive  model  (as  seen  in  many  xenolith  suites)  and  the  lithosphere  thickness  had 
been  reduced  by  approximately  40  km. 


Fission  track  results  &  erosion  history 

Apatite  fission  track  (FT)  data  from  the  Kaapvaal  craton  region  indicate  that  over  extensive  areas 
the  present  land  surface  exposes  rocks  which  resided  at  significantly  elevated  palaeotemperatures  (in 
some  places  >  ~110°C)  as  recently  as  100-80  Ma  ago.  However,  the  palaeotemperatures  recorded  by 
the  FT  data  are  not  uniformly  distributed  across  the  craton.  The  current  data  indicate  a  general  trend  of 
increasing  palaeotemperature  towards  the  eastern  and  northern  margins,  and  there  are  some  regions 
that  have  not  cooled  significantly  since  the  early  Palaeozoic.  For  reasonable  estimates  of  the 
palaeothermal  gradient  the  distribution  of  palaeotemperature  estimates  imply  substantial  amounts  of 
mid-Cretaceous  denudation.  In  particular,  FT  results  from  the  deep  BK-1  bore  hole  (1.5  km)  within 
the  interior  of  the  Kaapvaal  craton  document  a  mean  cooling  of  44±5°C  and  a  mid-Cretaceous 
palaeogeothermal  gradient  of  13±5°C,  and  the  best  estimate  of  the  time  of  cooling  is  90±10  Ma.  If  the 
eroded  material  had  similar  thermal  properties  to  the  underlying  basement  then  3. 4+ 1.4  km  of  mid- 
Cretaceous  denudation  is  inferred  for  the  BK-1  site.  The  data  also  confirm  that  over  the  last  -500  Ma 
the  maximum  near  surface  (<  ~10km)  thermal  gradient  has  never  exceeded  the  present  day  value  of 

ca  15  °C.knr1. 

The  high  rates  of  mid-Cretaceous  denudation  implied  for  the  Kaapvaal  craton  (100-300  m.Ma-1) 
are  corroborated  by  a  dramatic  peak  in  the  rate  of  clastic  sediment  accumulation  within  the  adjacent 
Mozambique  basin  (eastern  margin)  as  well  as  increased  rates  within  the  Orange  basin  (western 
margin)  (Figure  2).  Onshore,  this  period  of  enhanced  erosion  is  recorded  by  the  wide  occurrence  of 
the  mid-late  Cretaceous  Malvemia  Formation  along  the  northwestern  margins  of  the  craton:  an 
accumulation  of  poorly  sorted  sandstones  and  pebble  and  boulder  conglomerates  comprising 
coalesced  alluvial  fans  and  major  fluvial  channel/floodplain  systems  (Botha  and  de  Wit,  1996).  Mid- 
Cretaceous  denudation  of  the  craton  interior  is  also  supported  by  the  abundance  of  eroded  on-craton 
kimberlite  intrusions  (and  related  alkaline  rocks)  with  intrusive  ages  of  95-85  Ma.  However,  the 
preservation  of  terrestrial  gravels  at  Mahura  Muthla  (near  Lichtenburg),  dated  as  Late  Cretaceous 
(T.C.  Partridge  pers.  comm.,  1997),  indicates  that  major  erosion  had  essentially  ceased  in  the 
northwestern  interior  region  of  the  craton  by  the  end  of  the  Cretaceous. 


Mozambique  Basin  Sedimentation 


Figure  2.  Comparison  of  offshore  sedimentation  rates  for  three  boreholes  (Macia-1, 
Sunray-1,  Palmeira-1)  within  the  proximal  Mozambique  basin  and  the  average 
onshore  erosion  rate  estimated  from  FT  data  for  the  Kaapvaal  craton. 
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Conclusions 

We  suggest  that  the  enhanced  rates  of  denudation  were  caused,  in  part  at  least,  by  regional  uplift  of 
the  Kaapvaal  craton  at  approximately  90  Ma.  The  uplift  was  probably  driven  by  bouyancy  forces 
arising  from  a  decrease  in  the  mean  density  of  the  underlying  lithosphere.  The  erosion  of  the  buoyant 
Archean  lithosphere  and  its  replacement  by  denser  asthenospheric  material  would  effectively  increase 
the  density  of  the  column,  if  the  process  were  isothermal  (Griffin  et  al.,  1998c).  However,  the 
concentrate  data  indicate  that  the  lithosphere  thinning  was  accompanied  by  an  overall  (transient?)  rise 
in  the  geotherm,  accompanying  the  thinning  of  the  mechanical  boundary  layer  by  40  km.  This  heating 
could  provide  the  density  decrease  required  for  uplift,  and  it  may  have  been  enhanced  by 
compositional  changes  related  to  metasomatic  processes.  We  therefore  believe  that  the  mid-Cretaceous 
geomorphological  history  of  the  Kaapvaal  craton  and  the  eruption  of  the  main  phase  of  Group  I 
kimberlites  are  both  genetically  linked  to  the  thermo-chemical  changes  that  took  place  within  the 
underlying  lithospheric  mantle  approximately  90  Ma  ago. 
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Petrochemical  features  of  kimberlites  from  main  diamond  deposits  of  Yakutia  having  been 
investigated,  simultaneous  character  of  distributions  of  rock  -  forming  oxides  and  coincidence  of 
distributions’  extremums  have  been  observed.  Stability  of  these  peculiarities  relatively  to  vast 
number  of  cases  (totally  as  much  as  5,600  Xray-fluorescence  analyses  have  been  examined)  has 
made  possible  to  form  hypothesis  suggested  by  occurrence  of  stable  rock  varieties  among 
diamondiferous  kimberlites  likely  biological  populations 

[Vasilenko,Kuznetsova,1986;Vasilenko,1995].  As  a  whole,  7  kimberlite  «populations»  have  been 
separated,  and  main  interpopulational  variability  agency  has  been  refered  to  as  TiCU  content  (table 
1).  It  was  CaO/MgO  ratio  that  has  been  suggested  to  be  main  factor  of  diversity  within  each 
«population». 


Table  1 


of  Yakutia 


Populations 

1 

2 

3 

4 

5 

6 

n 

331 

1443 

535 

440 

435 

259 

Si02 

25,96 

27,53 

28,92 

30,27 

28.15 

28,58 

Ti02 

0,43 

0,86 

1,18 

1,43 

1,73 

2,09 

A1203 

2.64 

2.25 

2,12 

2,11 

1.74 

1,99 

Fe203 

4,73 

6,53 

7,71 

8,06 

7,81 

9.30 

MgO 

22.52 

26.40 

28,37 

29,19 

28,30 

30,44 

CaO 

16,15 

13,64 

10,58 

9,34 

10,46 

7,91 

Na20 

0,52 

0,16 

0,17 

0,18 

0,14 

0,18 

K20 

0,83 

0,50 

0,54 

0,53 

0,22 

0,53 

P205 

0,50 

0,30 

0,38 

0.34 

0,27 

0.47 

1995]. 


Analysis  of  general  features  of  populational  model  has  shown  that  decrease  of  Ti02  average 
contents  in  «popultions»  is  accomplished  by  decrease  of  Fe2C>3  average  contents  and  elevation  of 
AI2O3,  K2O  contents,  and  diamondiferousness  [Vasilenko  et  al,1994;  Vasilenko,  1995;  Vasilenko  et 
al,  1996].  Mechanism  of  this  phenomenon  is  believed  to  has  been  determined  by  changing  of 
clinopyroxene  (CPx)  composition  with  depth  increase.  CPx,  in  turn,  is  assumed  to  be  main  (with 
olivine)  source  of  kimberlite  smelts  have  been  formed  by  partial  melting  of  mantle  matter. 

Results  of  number  of  experiments  [Solov’eva  et  al,  1994;  Ringwood,  1975]  as  well  as 
investigations  of  composition  of  CPx  from  diamond  -  bearing  parageneses  [Sobolev,  1974]  suggest 
that  under  high  pressures  CPx  contains  elevated  admixture  of  AI2O3  and  jadeite;  moreover,  K- 
jadeite  has  been  founded  in  CPx  constitution  under  pressure  higher  than  40  Kbars.  Ultra-high 
pressures  give  rise  to  dissolving  of  titano-magnetite  in  CPx;  and  this  solid  solution  finally 
transforms  to  garnet.  Behaviour  of  Ti  in  solid  solution  Perovskite+CPx  under  ultra-high  pressures  is 
believd  to  be  simultaneous  with  that  in  CPx. 

Mentioned  above  data  show  that  with  increase  of  depth  Ti  has  contained  in  pressure-stable 
phases  (garnet).  As  a  results,  deepmore  smelts  become  enriched  by  AI2O3,  K2O  and  exhausted  by 
TiC>2,  unlike  to  restites. 

Populational  model  of  kimberlite  constitution  makes  possible  to  compare  petrochemical 
features  of  kimberlites  of  various  regions  on  the  base  of  statistically  correct  juxtaposition.  Taking 


into  account  mentioned  above,  it  means  comparison  of  features  of  geodynamic  history  and  genesis. 
Furthermore,  investigation  of  kimberlites  within  concrete  province  (field)  may  be  substituted  by 
studying  of  only  one  separate  pipe  with  the  same  set  of  «populations». 

E.g.,  petrochemical  peculiarities  of  diamondiferous  kimberlites  of  Yakutia,  South  Africa, 
Lesotho,  and  West  Africa  have  been  investigated.  Kimberlites  of  African  regions  prove  to  be 
characterized  by  the  same  populational  structure,  as  Yakutian  ones  (tables  2-4).  Some  differences 
have  been  occurred  are  caused  by  abundance  of  concrete  «populations»  which,  in  turn,  are  depended 
on  tectonic  position  of  regions  have  been  dealed  with  (  craton  areas  for  Yakutia  and  South  Africa  , 
transition  craton-middleproterozoic  orogenetic  belt  for  Lesotho,  continental  margin  for  West  Africa) 
during  kimberlite  intrusions  epochs  [Janse,  1984]. 


Table  2.  Average  compositions  of  kimberlite  popu 


Populations 

1 

2 

3 

4 

5 

6 

7 

n 

64* 

42* 

8 

18* 

21* 

34* 

Si02 

33.91 

37.93 

33.20 

35.49 

29.23 

33.63 

Ti02 

0.68 

0.96 

1.41 

1.76 

2.09 

2.43 

A1203 

4.32 

5.05 

3.88 

3.49 

2.30 

3.68 

Fe203 

6.29 

6.02 

5.64 

6.21 

5.42 

7.71 

MgO 

18.63 

23.51 

25.70 

23.64 

28.61 

24.21 

CaO 

12.85 

6.56 

8.47 

9.96 

11.66 

9.34 

Na20 

0.28 

0.99 

0.52 

0.43 

0.25 

0.43 

K20 

0.95 

1.07 

2.44 

1.63 

0.89 

1.81 

P205 

0.59 

0.56 

1.58 

1.14 

1.07 

1.51 

ations  of  South  Africa. 


Table  3.  Average  compositions  of  kimberlite  popn 


Populations 

1 

2 

3 

4 

5 

6 

7 

n 

3 

33* 

13* 

13* 

37* 

21* 

12* 

Si02 

40.82 

37.09 

36.92 

35.20 

33.22 

32.37 

31.99 

Ti02 

0.36 

0.78 

1.07 

1.34 

1.68 

2.17 

2.63 

A1203 

8.22 

4.01 

5.18 

4.81 

4.84 

3.15 

2.85 

Fe203 

6.51 

5.57 

7.64 

6.91 

7.25 

8.49 

6.63 

MgO 

22.40 

28.55 

24.19 

21.51 

24.92 

28.31 

27.00 

CaO 

2.97 

5.21 

6.89 

10.43 

8.24 

6.37 

7.42 

Na20 

0.65 

0.54 

0.95 

0.82 

0.27 

0.32 

0.31 

K20 

1.04 

1.03 

1.46 

1.81 

1.52 

1.13 

0.74 

P205 

0.23 

0.35 

0.59 

0.61 

0.57 

0.87 

0.57 

ations  of  West  Africa. 


Table  4.  Average 

compositions  of  kimberlite  populations  of 

^esotho. 

Populations 

1 

2 

3 

4 

5 

6 

7 

n 

4 

3 

4 

9 

Si02 

32.14 

31.55 

29.68 

31.85 

Ti02 

1.42 

1.79 

2.08 

2.67 

A1203 

2.38 

3.44 

3.74 

4.22 

Fe203 

5.48 

4.26 

6.50 

7.59 

MgO 

29.29 

31.09 

23.56 

23.52 

CaO 

8.05 

7.13 

10.09 

8.77 

Na20 

0.11 

0.19 

0.15 

0.17 

K20 

2.04 

1.34 

0.39 

1.15 

P205 

0.81 

0.74 

0.84 

0.24 

*  -  averages  by  pipe  has  been  used  as  well  as  simple  analyses 
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Shift  of  «population»  sets  passing  from  Lesotho  to  South  African  kimberlites  correlates  with 
data  of  lithosphere  thickness  (150  and  180  km  accordingly)  [Solov’eva  et  al,  1994].  The  same  depth 
(180-175  km)  for  lithosphere  boundary  has  been  observed  for  Udachnaya  kimberlite  pipe  in  Yakutia 
which  populational  structure  completely  coincides  with  that  of  South  African  kimberlites.  West 
African  kimberlites  differ  by  multipopulational  composition  with  high  alkali  content  of  4th  ,  5th  and 
7th  «populations».  These  petrochemical  features  make  kimberlites  of  West  Africa  close  to  Mir  pipe 
kimberlites  [Vasilenko  et  al,  1996],  and  simultaneously  may  be  explaned  by  impurity  of 
unexhausted  material  [Vasilenko  et  al,  1996]. 
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An  algorithm  of  kimberlite  diamondiferousness  estimations. 
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Unique  method  of  interpretation  of  diamondiferous  kimberlite’s  petrochemistry  based  on 
hypothesis  suggested  by  occurrence  of  relationship  between  diamond  content  and  composition  of 
kimberlite  matrix  has  been  taken  into  consideration.  Kimberlite  constitution  is  represented  by  a  set 
of  «populations»  -  discrete  groups  differ  from  each  other  by  Ti  content.  Seven  «populations»  have 
been  distinguished  within  kimberlites  of  main  diamond  deposits  of  Yakutia 
[Vasilenko,Kuznetsova,1986;Vasilenko,1995].  Distribution  of  diamondiferousness  between 
«populations»  turned  out  to  be  uneven.  Clusters  of  diamond  contents  values  concentrate  around  the 
A-min,  A-med,  A-max  levels.  Mean  productivity  of  these  levels  for  each  «population»  growth 
opposite  to  average  TiC>2  content  (table  1). 

Table  1.  Values  of  diamond  content  (in  arbitrary  units)  vs  TiC>2  (wt.  %)  content  in 


((populations))  [Vasilenko,  1995]. 


Population 

n 

Diamond  content 

Ti02  content 

21 

A-min  9.96 

0.38  | 

1 

32 

A-med  42.46 

0.37 

4 

A-max  116.78 

0.36 

146 

A-min  2.81 

0.84 

2 

46 

A-med  14.05 

0.79 

6 

A-max  48.75 

0.59 

86 

A-min  1 .40 

1.26 

3+4 

126 

A-med  10.37 

1.32 

9 

A-max  33.81 

1.10 

120 

A-min  0.40 

1.79 

5 

167 

A-med  10.93 

1.69 

6 

A-max  11.30 

1.84 

17 

A-min  0.09 

2.39 

6 

40 

A-med  5.06 

2.40 

5 

A-max  21.92 

2.37 

Taking  into  account  above  data,  it  seems  to  be  possible  to  establish  an  algorithm  of 
separation  of  kimberlite  between  ((populations))  using  composition  of  kimberlite  matrix.  By  this 
way,  productive  and  non-  productive  kimberlites  prove  to  be  separated  on  the  stage  of  probing  and 
recomendations  on  exploring  and  exploitation  of  kimberlite  pipes  are  likely  to  be  made  at  the  initial 
steps  of  diatremes  investigation. 

E.g.,  Botuobinskaya  pipe  situated  in  Central  Yakutia  has  been  studyed.  300  Xray  - 
fluorescence  bulk-rock  analyses  of  kimberlites  have  been  used. 

With  the  aim  of  formalization  of  separation  procedure  for  Botuobinskaya  pipe  kimberlites, 
linear  discrimination  of  database  including  analyses  from  all  main  Yakutian  diamond  occurrences 
has  been  made  [Anderson  et  al,  1972;  Lederman,  Lloid,  1984].  Taking  into  account  previous 
experience  of  Yakutian  kimberlites  investigation  [Vasilenko,  Kuznetsova,  1986;  Vasilenko,  1995; 


Vasilenko  et  al,  1995],  Botuobinskaya  has  been  supposed  to  be  composed  of  1st,  2nd,  and  3rd 
«populations»  of  kimberlite,  so  discrimination  of  high-titaniferous  varieties  hasn’t  been  developed. 

Only  variables  elevated  common  percentage  of  correct  estimations  more  than  on  0.5%  has 
been  counted.  As  a  result,  three  linear  discrimination  functions  have  been  observed.  There  are: 
c p7  =  7.8376  xi  +  15.6997  +  2.5912  x3  +  LI  152  x4  +  0.9243  +  0.4558  -  17.9574; 

cp2=  13.0167  xj  +  19.3539  X2  +  3.4202  x3  -  0.7719  +  1.3224 x3  +  0.3935  -  24.1953; 

cp3  =  25.0374  xj  +  10.0653  x2  +  2.2609  *3  -  0.7260  x4  +  1 .3974  +  0.4106  -  24.9053 

where  X1-X6  mean  contents  of  Ti02,  P2O5,  AI2O3,  Na20,  Fe203sum,  Si02,  accordingly. 

To  classify  any  new  sample  in  terms  of  1st,  2nd,  and  3rd  population,  it  is  necessary  to 
substitute  variables  X1-X6  by  oxides  contents  of  investigated  sample  and  function  with  highest  value 
will  define  a  ((population))  number.  As  a  whole,  ratio  of  correct  classifications  is  statistically 
significant  (table  2). 

Table  2.  Features  of  discrimination  quality  for  initial  massif  of  main  diamond  deposits  of 
Yakutia. 


Population  # 

Correct  classifications,  % 

<Pi 

<P2 

93 

1 

74.6% 

303 

99 

4 

2 

77.5% 

49 

342 

50 

3 

91.6% 

33 

49 

897 

Total 

84.4% 

385 

490 

951 

Results  of  separation  of  Botuobinskaya  pipe  kimberlites  show,  that  among  them  prevails 
second  ((population)),  that  is  confirmed  by  exploitation  drilling  data.  It  means  that  method  has  been 
taken  into  consideration  proves  to  be  useful  for  diamond  deposits  exploration. 
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Introduction 

This  paper  presents  the  results  of  study  of  diamonds  from  two  pipes  of  the  Daldyn-Alakit 
kimberlite  field  (Yakutia).  Zarnitsa  ("Flash  of  Summer  Lightning"),  the  first  kimberlite  discovered 
in  Siberia,  is  located  15  km  E  of  Udachnaya.  Dalnaya  is  a  small  pipe  in  the  southern  part  of  the 
Daldyn  Field.  No  information  on  diamond  parageneses  from  these  late  Devonian  pipes  has  been 
published  previously. 

Samples  and  methods 

About  45  diamonds  (-4+2  and  -8+4  mm)  with  mineral  inclusions  were  selected  from  each 
pipe  and  their  morphology  and  surface  features  were  studied  using  a  binocular  microscope. 
Cathodoluminescence  (CL)  images  and  Fourier  transform  infrared  (FTIR)  measurements  were  done 
on  the  whole  stones  first.  22  stones  from  Dalnaya  and  32  from  Zarnitsa  were  then  sawn  by  laser  or 
polished  mechanically  parallel  to  the  planes  (110)  or  (100).  Polished  central  plates  have  been 
prepared  for  some  stones;  others  were  polished  down  to  expose  inclusions.  The  internal 
morphology  of  the  diamonds  and  the  location  of  inclusions  were  studied  by  birefringence  (BR)  and 
CL.  Inclusions  were  analysed  in  situ  on  the  polished  diamond  surfaces  for  major  element 
composition  by  electron  microprobe  and  for  trace  elements  by  proton  and  laser  microprobes.  A  few 
central  inclusions  (seeds)  were  studied  by  SEM  imagery  and  analysis.  Hydrogen  and  nitrogen 
concentrations  and  N  aggregation  state  were  investigated  in  the  central  diamond  plates  by  FTIR. 
Carbon  isotopic  composition  was  determined  by  mass  spectrometry  for  20  stones,  using  fragments 
of  diamond  off-cuts. 

External  morphology,  colour  and  surface  features. 

Diamonds  from  both  pipes  are  most  commonly  octahedra  and  colourless,  more  rarely  pale- 
brown  and  pale-yellow;  morphology  is  summarised  in  Table  1. 


Table  1.  Morphology  of  diamonds  from  Dalnaya  and  Zarnitsa 


Pipe 

no. 

stones 

Octahed. 

Octah/ 

dodecah. 

Dodec. 

Cube 

Made 

Coated 

Dalnaya 

45 

23 

7 

7 

5 

2 

1 

Zarnitsa 

43 

16 

13 

6 

6 

1 

1 

The  resorbed  stones  belong  to  category  3-4  (15-25%  resorption)  of  the  classification  of  Robinson 
(in  McCallum  et  al.,  1994).  Based  on  the  small  numbers  of  stones  examined,  those  from  Dalnaya 
appear  to  be  generally  less  resorbed  than  those  from  Zarnitsa,  and  both  localities  show  more 
resorption  than  stones  from  the  Malo-Botuobinsky  field  (Bobrievich  et  al.,  1959). 

Internal  structure  and  history  of  growth 

Most  diamonds  studied  from  both  pipes  (ca  70  %)  have  simple  octahedral  zonation  and  blue 
CL  colour,  in  agreement  with  data  from  other  kimberlite  pipes  of  Yakutia  (Bulanova,  1995).  These 
diamonds  grew  by  a  tangential  mechanism  of  growth  (layer  by  layer)  and  were  slightly  resorbed 
after  growth.  Only  a  few  diamonds  show  a  change  of  growth  shape  and  CL  colour  during 
crystallisation,  in  the  sequence  (early  to  late):  cubo-octahedron  JE  rounded  octahedron  JE 
octahedron  (uncertain)  JE  octahedron.  Cubo-octahedral  and  rounded  zones  have  yellow  or  yellow- 
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green  CL  colour.  This  change  of  growth  form  and  CL  colour  is  more  typical  for  eclogitic  diamonds 
from  both  pipes.  The  typomorphic  feature  of  peridotitic  diamonds  is  a  fine  octahedral  zonation,  as 
shown  before  for  diamonds  from  other  pipes  in  the  Daldyn-Alakit  and  Malo-Botuobinsky  fields 
(Bulanova,  1995).  Some  diamonds  from  both  pipes  show  plastic  deformation,  internal  resorption 
and  dark  (no  CL)  zones  (type  II  diamond),  reflecting  the  change  of  growth  shape  or  other 
fluctuations  in  environmental  conditions.  These  dark  zones  commonly  appear  in  the  following 
specific  situations  within  diamond:  (i)  at  the  interface  of  changes  in  growth  habit  or  layering,  often 
in  association  with  mineral  inclusions,  (ii)  in  discrete  areas  surrounding  mineral  inclusions,  (iii)  in 
broad  patches  with  convolute  lobed  boundaries,  extending  from  the  edge  of  the  diamond  into  the 
interior.  In  some  cases  the  shape  and  position  of  these  dark  zones  suggest  second-generation 
diamond  growth  and  infilling  of  cracks. 

FTIR  study 

Nitrogen  contents  in  Zamitsa  diamonds  range  from  36  to  2100  ppm,  and  aggregation  states 
from  5-67  %IaB  (average  28%);  in  Dalnaya  diamonds  the  corresponding  values  are  75-1830  ppm 
and  5-74%  (aver.  35%).  Three  Dalnaya  diamonds  were  Type  II.  Hydrogen  peaks  were  observed 
in  >1/3  of  the  Zamitsa  stones  and  1/2  of  the  Dalnaya  stones.  FTIR  maps  of  central  plates  show 
large  spatial  variations  in  ppm  N,  %IaB  and  H.  In  7/9  of  Dalnaya  plates  and  8/1 1  of  Zamitsa  plates, 
N  content  and  aggregation  state  decrease  from  core  to  rim,  in  some  cases  grading  to  Type  II  rims. 
The  largest  spatial  variation  in  a  plate  from  Dalnaya  is  450-1200  ppm  N,  and  28-37%  IaB 
aggregation;  in  Zamitsa  diamonds  the  largest  range  in  a  single  plate  is  35-2070  ppm  and  <10-67% 
IaB.  Correlation  with  CL  images  shows  that  H  occurs  not  only  in  the  cores  of  diamonds,  but  also  at 
transitions  between  morphological  type  (resorption  or  overgrowth)  and  at  boundaries  between  Type 
IaAB  and  Type  II  diamond.  Platelet  sizes  for  diamonds  from  both  localities  are  large  (1359  -  1372 
cm"l).  In  general,  FTIR  results  from  both  pipes  are  similar  and  imply  that  temperature/time/ 
deformation  conditions  during  the  history  of  the  diamonds  also  were  similarA 

Mineral  inclusions 

In  both  pipes  the  peridotitic  inclusion  paragenesis  is  more  abundant  than  the  eclogitic  one 
(Zamitsa,  23  of  30  stones;  Dalnaya,  15  of  17  stones).  The  most  common  inclusions  in  peridotitic 
diamonds  of  both  pipes  are  olivine  (Fo  92-93)  and  chromite  (62-67  wt%  Cr203).  Subcalcic  garnet 
is  also  common,  but  it  is  more  abundant  in  Dalnaya  diamonds.  LAM-ICPMS  analyses  show  that 
these  garnets  are  strongly  depleted  in  HREE  (Sc/Y(CN)=  14.7-35.8)  and  have  sinuous  REE  patterns 
(Nd/Y  (CN)  =  2.7-10.7),  like  most  such  garnets  worldwide.  The  Nickel  Temperatures  (Ryan  et  al., 
1996)  of  3  peridotitic  garnets  are  1210  °C,  1340°C  and  1370°C;  similar  high  TNi  are  observed  in 
high-Cr  pyrope  inclusions  from  Udachnaya  diamonds  (Griffin  et  al.,  1993).  Zinc  Temperatures  for 
5  chromites  from  Zamitsa  average  950  °C;  these  he  in  the  low  end  of  the  TZn  range  for  inclusions 
from  Udachnaya.  3  inclusions  of  pentlandite  were  found  in  Zamitsa  diamonds  and  one  in  a  diamond 
from  Dalnaya;  all  contain  Pt  group  elements.  Clinopyroxene  and  enstatite  were  not  found  in  the 
peridotitic  diamonds.  In  the  eclogitic  diamonds  (5  for  Zamitsa  and  2  for  Dalnaya)  sulphides, 
omphacites  and  pyrope-almandine  garnets  were  found  in  equal  proportions  .  Sulphides  occur  as 
individual  inclusions,  sometimes  in  association  with  garnet  and  omphacite,  and  sometimes  in 
intimate  intergrowths  with  these  minerals.  The  chemistry  of  major  elements  of  garnet  and  omphacite 
is  similar  to  inclusion  chemistry  from  other  localities  in  Siberia  (Bulanova  et  al.,  1993;  Sobolev, 
1976).  Eclogitic  garnets  have  high  HREE  and  depleted  LREE,  while  eclogitic  cpx  have  essentially 
flat  REE  patterns. 

Central  inclusions  (seeds) 

Black  micro-inclusions  were  identified  in  the  genetic  centre  of  many  of  the  diamonds.  From 
SEM  study  they  were  identified  as  sulphides,  Fe-phase  +  graphite  and  cohenite  (Fe-carbide),  as 
found  in  seeds  of  other  Yakutian  diamonds  (Bulanova,  1995;  Bulanova  et  al.,  1998).  This  indicates 
that  diamond  nucleated  on  these  minerals,  which  may  have  catalysed  diamond  growth. 


Isotopic  composition  of  carbon 

The  carbon-isotope  composition  was  measured  in  28  fragments  from  20  stones.  The  values 
of  313C  for  all  but  one  stone  range  from  +0.75  to  -8  ,  with  an  average  of  -4. 1  %0  and  a  median  of 
-4.0 %o.  One  eclogitic  stone  from  Zamitsa,  with  an  inclusion  of  low-Ni  sulfide,  gave  013C=- 
12.49%c.  In  most  cases  analyses  of  fragments  from  different  parts  of  individual  stones  are 
reproducible  within  ±0.1%o.  However,  a  coated  stone  from  Zamitsa  gave  values  of  013C=  -8.0 
(interior)  and  -6.8%c  (coat),  and  one  stone  from  Dalnaya  gave  values  of  -0.43%c  (interior)  and 
+0.75%c  (rim). 

Conclusions 

Diamondiferous  rocks  in  the  mantle  beneath  the  Dalnaya  pipe  are  mainly  harzburgitic/dunitic, 
as  in  most  commercial-grade  Siberian  pipes.  Beneath  Zamitsa  the  proportion  of  diamondiferous 
eclogite  may  be  higher,  and  similar  to  Mir,  where  the  eclogitic  assemblage  amounts  to  30% 
(Bulanova,  1995).  The  degree  of  resorption  of  the  stones  studied  here  is  much  higher  than  in 
nearby  commercial-grade  pipes;  this  difference  may  be  related  to  the  much  greater  incidence  of  high- 
T  metasomatism  recorded  in  the  concentrate  garnets  and  xenoliths  from  Zamitsa  and  Dalnaya. 
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Introduction. 

Previous  workers  have  suggested  alternative  parageneses  for  diamondiferous  eclogites,  either 
originating  from  primary  mantle  melts  (eg.  Smyth  et  al.,  1989)  or  from  subduction  and  high 
pressure-temperature  melting  of  crustal  material  (Helmstaedt  and  Doig,  1975).  The  paragenesis  of 
diamonds  with  abundant  sulphide  inclusions  has  long  been  the  subject  of  controversy.  Meyer  ( 1987) 
and  Deines  and  Harris  (1995)  have  suggested  that  many  diamonds  belong  to  a  discrete  sulphide 
paragenesis,  unrelated  to  either  the  peridotitic  or  eclogitic  parageneses  generally  advocated  for  the 
origin  of  diamonds  with  silicate  inclusions.  In  this  paper  we  present  new  data  on  Yakutian  eclogitic 
diamonds  which  reveal  their  nature,  origin,  and  genetic  groupings. 

Samples  and  analytical  methods. 

Twenty  eclogitic  diamonds  from  kimberlitic  pipes  Mir  and  23d  Party  Congress  (Malo- 
Botuobinsky  kimberlitic  field)  were  studied,  seven  containing  sulphides.  Information  obtained  about 
syngenetic  inclusions  and  diamonds  has  been  linked  to  their  growth  history.  Internal  structure  was 
examined  by  cathodoluminescence  (CL)  and  birefringence  imaging  of  central  diamond  plates,  sawn 
and  polished  on  the  {110}  plane.  For  some  diamonds  hydrogen  (H)  and  nitrogen  (N)  contents  and 
aggregation  state  were  identified  by  FTIR.  The  chemistry  of  inclusions  was  studied  by  electron 
microprobe,  proton  microprobe  and  ion  microprobe  (IMP)  Carbon  (C)  and  N  isotopic  composition 
was  analysed  by  mass- spectrometry,  mainly  on  fragments  of  diamond  off-cuts,  with  some  in-situ 
analyses  on  diamond  plates.  Sulpher  (S)  isotopic  composition  of  sulphide  inclusions  was  determined 
by  IMP. 

Results  and  discussion 

Deines  and  Harris  (1995)  showed  that  for  stones  from  many  locations  in  Africa,  sulphide 
inclusions  with  low  Ni  concentrations  can  occur  in  diamonds  of  low  as  well  as  high  613C  content. 
From  the  calculated  lack  of  equilibrium  of  sulphides  with  mantle  olivine  these  authors  concluded  also 
that  a  particular  group  of  sulphide  inclusions  (80%)  with  low  Ni/Fe  ratio  could  not  be  ascribed  to 
either  peridotitic  or  eclogitic  parageneses  and  should  be  recognised  as  a  third  "sulphide"  paragenesis. 

Using  their  and  other  published  data  plus  our  own  results  we  are  able  to  classify  the  sulphide¬ 
bearing  diamonds  into  peridotitic  and  eclogitic  parageneses,  each  subdivided  in  turn  into  further 
genetic  groups.  Our  identification  of  genetic  groups  of  eclogitic  diamonds  was  based  on  correlation 
of  their  internal  structure,  history  of  growth,  presence  of  coesite  inclusions,  chemistry  and  S  isotopic 
composition  of  sulphide  inclusions,  and  C  and  N  isotopic  composition  of  diamonds  (Table  1). 


Table  1.  Quantitative  characteristics  of  Sf-bearing  eclogitic  diamonds. 


Group 

Cs 

613C 

%0 

615N 

%c 

8MS  of  Sf 

%c 

Ni  in  Sf 
wt  % 

Cu  in  Sf 
wt  % 

Mo  in  Sf 
ppm 

1 

a 

no 

-16  to  -12 

-1.3  to +3.5 

+2  to  +4 

0.7  to  3 

0.7  to  1.4 

<8  to  66 

b 

no  data 

-20  to -12 

no  data 

-3  to  +14 

4.5  to  12 

0.06  to  2 

no  data 

2 

a 

no  data 

-9  to  -2.8 

no  data 

-7  to  +5 

0.2  to  3 

0.05  to  1 

no  data 

b 

yes 

-7  to  -4 

-2  to  -0.2 

-1  to +2 

3  to  12 

3  to  4 

60  to  300 

To  date  we  have  such  data  for  only  a  small  collection  of  diamonds,  but  we  believe  the  use  of  such 
complete  associated  information  is  instructive  and  may  be  more  meaningful  than  an  abundance  of 
stand-alone  analyses,  taking  into  account  the  complex  history  of  growth  of  diamonds  and  the 
inhomogeneous  composition  of  sulphides.  The  two  main  groups  of  eclogitic  diamonds  are  called 
Lights  C  (groupl)  and  Heavy  613C  (group  2).  These  groups  were  then  further  subdivided  into 
Low-Ni  (a)  and  High-Ni  (b),  according  to  the  Ni  content  in  sulphide  inclusions  (Table  1,  Fig.  1). 
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Fig.  1.  Fields  for  eclogitic  and  peridotitic  diamond  parageneses,  from  613C  and  Ni  content  in  sulphides 


Light  613C,  low  Ni-Sf  (Groupla)  are  represented  by  rough-layered  octahedrons  having  simple 
octahedral  zonation  and  one  stage  of  growth.  They  have  homogeneous  blue  CL  colour  and  were 
grown  by  tangential  mechanism  of  growth.  The  diamonds  show  low  content  of  N,  very  low  N 
aggregation  (type  laA  mainly)  and  no  H.  The  diamonds  do  not  contain  Cs  inclusions,  have  light  C 
isotopic  composition  and  N  isotopes  ranging  from  negative  to  positive  values  (Table  1).  Numerous 
Sf  inclusions  in  the  diamonds  are  represented  by  pyrrhotite  with  low  contents  of  Ni,  Cu  and  Mo,  and 
positive  S  isotope  values  (Tablet). 

The  majority  of  eclogitic  diamonds  and  their  sulphide  inclusions  analysed  by  Deines  and  Harris 
(28  from  37  with  light  carbon  isotope  composition)  appear  to  belong  to  genetic  Group  la  (Fig.  1). 
The  remaining  nine  are  richer  in  Ni,  5-12  wt  %,  and  belong  to  Grouplb  (Figl).  Other  published  data 
(Eldridge  et  al,  1991)  also  show  predomination  of  the  Groupla  chemistry  of  sulphide  inclusions  for 
eclogitic  African  diamonds  (21  from  26).  Their  values  lie  in  a  wider  range,  from  -10  to  +13  %c, 
which  is  a  characteristic  feature  of  crustal  sulphur,  implying  origin  by  subduction  of  crustal  material, 
which  is  supported  by  the  light  carbon  isotope  composition  obtained  for  Group  1  stones  by  other 
workers.  Eldridge  et  al  ( 1991)  themselves  did  not  analyse  C  isotopes  for  their  diamonds. 

Heavy  613C,  moderate  Ni-Sf  (Group  2b)  are  represented  by  thin  layered  and  slightly  stepped 
octahedrons,  with  complicated  internal  structure  giving  evidence  of  two  or  more  stages  of  diamond 
formation.  Their  cores  have  cubic,  rounded  or  more  complex  shape  (intergrowths  or  aggregates). 
During  late  stages  the  growth  shape  changes  to  rough-layered  and  then  to  the  thin  layered  octahedron. 
Core  zones  have  yellow  or  yellow-green  CL  colour  followed  by  blue  CL  colour  for  the  octahedral 
zones.  The  change  of  CL  colour  and  shape  of  growth  correspond  with  fibrous,  hummocky  or  mixed 
mechanism  of  growth  for  the  seed  zones  and  a  layer  by  layer  mechanism  for  the  rim  zones.  FTIR 
spectroscopy  shows  a  high  or  medium  degree  of  N  aggregation  and  presence  of  H  in  the  central 
rounded  zones,  and  a  low  content  and  degree  of  aggregation  of  N  in  the  rim  zones.  Inclusions  of  Cs 
and  K-Al-Si-phase  (partly  crystallised  melt?)  are  a  characteristic  feature  of  the  diamonds,  providing 
evidence  of  the  presence  of  melt  (fluid)  during  their  growth.  C  isotopic  composition  of  the  stones  lies 
within  the  field  of  isotopically  heavy  peridotitic  and  eclogitic  diamonds  (Tablet,  Fig.  1).  N  isotopic 
composition  of  the  diamonds  shows  negative  values.  Sulphide  inclusions  in  the  diamonds  are 


represented  by  monosulphide  solid  solution  (Mss)  with  moderate  content  of  Ni,  Cu  and  Mo,  and  S 
isotopic  composition  within  the  range  from  +2  to  -1  6  S  %o  (Tablet). 

The  majority  of  sulphide  inclusions  from  isotopically  heavy  eclogitic  African  diamonds  analysed 
by  Deines  and  Harris  (1995)  (18  from  30)  show  Ni  contents  in  sulphides  comparable  to  our  eclogitic 
Group  2b  (Figl).  Nevertheless  eleven  of  them  are  low  Ni  sulphides,  which  we  call  Group  2a.  Five 
sulphide  inclusions  from  data  of  Eldridge  et  al.  (1993)  might  also  belong  to  group  2b,  because  of  a 
similar  range  of  Ni  content  (3-9  wt.  %)  and  the  narrow  range  of  b34 S  (from  -1  till  +3  %o).  These  S 
isotope  values  and  the  heavy  C  isotopic  composition  of  the  diamonds  suggest  a  mantle  source, 
without  crustal  input. 

Fig  1  also  shows  peridotitic  diamond  data  for  comparison  with  the  eclogitic  results. 

Field  3b  corresponds  to  high  Ni  peridotitic  sulphide  inclusions  (22-36.6%  Ni),  (Bulanova  et  al, 
1996).  Field  3a  represents  peridotitic  sulphide  inclusions  with  medium  (12-19%)  Ni  content, 
probably  belonging  to  the  pyroxenite  paragenesis  (Bulanova  et  al,  1996). 

The  fields  shown  are  in  a  good  agreement  with  all  previous  data  about  C  isotope  composition  of 
the  two  main  parageneses  of  diamonds  from  kimberlites.  Thus,  peridotitic  diamonds  are  isotopically 
heavy,  and  contain  high-Ni  sulphide  inclusions  having  a  restricted  sulphur  isotopic  composition. 
There  is  no  doubt  about  their  mantle  origin  and  source  of  C,  N  and  S. 

Eclogitic  diamonds  lie  within  the  two  fields  of  composition.  Isotopically  heavy  eclogitic 
diamonds  (field  2)  should  also  have  a  mantle  origin.  The  majority  of  sulphide  inclusions  in  these 
diamonds  have  high  content  of  Ni  and  restricted  composition  of  6MS,  (Group  2b).  They  probably 
represent  a  paragenesis  of  coesite  eclogites  of  magmatic. origin.  Isotopically  heavy  diamonds  with  low 
Ni  sulphide  inclusions  (Group  2a)  might  belong  to  other  varieties  of  mantle  eclogites. 

A  mantle  metamorphic  process  with  an  input  of  crustal  material  more  likely  formed  the 
isotopically  light  diamonds  (field  1)  which  have  a  wide  b34 S  composition  of  sulphide  inclusions.  The 
minority  of  them  might  belong  to  the  paragenesis  of  coesite  eclogites  (Grouplb),  but  most  of  them 
represent  other  varieties  of  diamondiferous  eclogites  (Group la). 

Conclusions 

There  is  a  correlation  of  isotopic  composition  of  diamonds  with  chemistry  and  S  isotopic 
composition  of  associated  sulphides.  The  data  for  Yakutian  and  African  diamonds  lie  within  similar 
compositional  fields,  implying  similar  diamond  formation  processes. 

Sulphide  inclusions  in  diamonds  from  kimberlites  belong  to  the  peridotitic  or  eclogitic 
paragenesis;  there  is  no  separate  third  sulphide  paragenesis  of  diamonds. 

Eclogitic  diamonds  in  kimberlites  can  arise  from  subducted  crustal  material  subjected  to 
metamorphic  events  within  the  upper  mantle  (Group  1),  or  directly  by  igneous  processes  within  the 
mantle  (Group  2). 
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There  are  numerous  detrital  diamond  deposits  worldwide  whose  primary  volcanic  sources  are 
unknown.  The  Copeton  diamond  population  in  New  South  Wales,  Australia  represents  one  such 
deposit  (see  review  by  Griffin  et  ah,  1997).  These  diamonds  are  mostly  derived  from  streams 
draining  Tertiary  ‘deep  lead’  gravels  that  are  capped  by  Tertiary  basalt.  The  deposit  is  located 
within  the  Phanerozoic  Tasman  Fold  Belt,  which  is  composed  of  a  complex  succession  of  accreted 
subduction  complexes,  exotic  ocean  floor  fragments,  ocean  island  remnants  and  associated  volcanic 
complexes.  The  diamonds  exhibit  minor  signs  of  abrasion,  mostly  in  the  form  of  occasional  large 
percussion  scars.  They  contain  an  unusual  suite  of  calc-silicate  eclogitic  inclusions,  including 
clinopyroxene,  coesite  and  grossular-rich  garnet  (Meyer  et  al.,  1997;  Sobolev,  1984).  Also  present 
are  olivine  inclusions  with  ‘normal’  peridotitic  compositions.  No  kimberlitic  indicator  minerals 
have  been  found  in  association  with  the  deposit. 

Some  authors  have  postulated  that  the  south-east  Australian  diamonds  derive  ultimately  from 
magmatic  intrusives  located  beneath  the  Tertiary  basalts  in  the  area  (e.g.  MacNevin,  1977; 
McLachlan,  1989).  The  unusual  inclusion  chemistry,  the  lack  of  kimberlitic  indicators  and  the 
paucity  of  abrasion  features,  has  also  led  to  suggestions  of  more  ‘exotic’  origins  for  the  diamonds, 
such  as  derivation  from  leucitites  and  tholeites  (e.g.  Taylor,  1991;  Sutherland  et  ah,  1994;  Barron  et 
ah,  1994,  1996).  Evidence  for  a  subduction-related  origin  for  the  diamonds  is  reviewed  by  Griffin 
et  ah  (1997). 

In  the  current  study,  40Ar/39Ar  laser  probe  analyses  of  Copeton  diamond  inclusions  (diamonds 
provided  by  P.  Kennewell,  Cluff  Resources,  Sydney)  were  undertaken  in  an  effort  to  provide 
additional  insight  into  the  possible  source  of  these  diamonds  Burgess  et  ah  (1992,  1997)  have 
suggested  that  40Ar/39Ar  analyses  of  clinopyroxene  inclusions  can  provide  information  on  both  host 
eruption  and  diamond  genesis  ages.  During  mantle  residence,  temperatures  will  be  sufficiently  high 
to  allow  diffusion  of  pre-eruption  argon  to  the  diamond/inclusion  interface.  On  kimberlite 
emplacement,  temperatures  will  decrease  to  below  the  closure  temperature  for  argon  migration  in 
clinopyroxene,  leading  to  accumulation  of  post-eruption  argon  in  the  clinopyroxene.  If  the  rationale 
of  Burgess  et  ah  (1992,  1997)  is  correct,  then  total  extraction  of  clinopyroxene  inclusions  from  their 
host  diamonds  should  result  in  loss  of  all  pre-eruption  argon  and  analyses  of  these  inclusions  should 
yield  the  age  of  kimberlite  intrusion. 

On  the  basis  of  the  above  premise,  five  clinopyroxene-bearing  Copeton  diamonds  were  selected  for 
laser  probe  analysis.  Only  three  inclusions  from  two  diamonds  yielded  sufficient  argon  for  accurate 
age  determination.  Two  inclusions  from  one  stone  gave  ages  of  355±14Ma(2a)  and  327±34Ma(2a), 
while  a  third  inclusion  yielded  an  age  of  293±52Ma(2a).  These  results  are  within  error  of  one 
another,  with  a  weighted  mean  age  of  340±28Ma. 


In  the  absence  of  a  high  temperature  (>~450°C  )  crustal  heating  event,  this  result  could  be 
interpreted  as  representing  the  eruption  age  for  the  source  kimberlite/lamproite  of  the  Copeton 
diamonds.  However,  recent  results  obtained  by  Phillips  et  al.  (1998)  suggest  that  extracted 
inclusions  may  still  give  apparent  ages  significantly  older  than  the  time  of  source  intrusion. 
Therefore,  the  above  ages  must  strictly  be  considered  as  maximum  estimates  for  the  time  of  source 
eruption.  Nonetheless,  the  similarity  in  apparent  ages  from  the  three  Copeton  inclusions  is  evidence 
to  indicate  proximity  to  the  true  intrusion  event.  In  the  latter  instance,  it  is  interesting  to  note  that 
the  age  of  ca.  340Ma  predates  the  Permian  glaciation  event  that  affected  much  of  southern  Australia 
(e.g.  Herbert,  1980).  Therefore,  it  is  possible  that  the  Copeton  diamonds  were  transported  from 
kimberlite-bearing  cratonic  areas  in  Antarctica  northwards,  where  they  were  deposited  during 
glacial  retreat  and  reworked  by  later  alluvial  systems.  This  explanation  can  account  for  the  off- 
craton  tectonic  setting  and  the  lack  of  obvious  proximal  kimberlitic  sources. 
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Figure  1.  Locality  map  showing  the  position  of  the  Copeton  alluvial  diamond  deposit,  in 
relation  to  other  detrital  diamond  deposits  in  New  South  Wales,  Australia. 
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Introduction 

Understanding  the  nature  and  evolution  of  variations  in  mantle  lithosphere  composition  is  a  long 
term  objective  of  mantle  studies,  and  metasomatism  has  been  attributed  an  important  role  in  the 
geochemical  evolution  (e.g.  Harte  and  Hawkesworth,  1989;  McKenzie,  1989).  Detailed  studies  of 
garnets  in  many  peridotite  xenoliths  from  Jagersfontein  have  shown  them  to  be  heterogeneous  in 
chemical  composition  and  linking  these  variations  to  the  depths  and  temperatures  of  origin  of  the 
xenoliths  has  yielded  important  new  evidence  for  the  evolution  of  the  sub-cratonic  mantle  through 
space  and  time  (Burgess,  1997). 

The  studies  have  been  carried  out  by  first  combining  petrographic  observations  with  detailed 
electron  microprobe  (EMP)  analysis,  including  X-ray  mapping  using  wavelength  dispersive 
techniques  of  chemically  zoned  (or  heterogenous)  garnets,  and  then  carrying  out  trace  element 
analysis  using  high  spatial  resolution  ion  microprobe  (IMP  or  SIMS)  techniques.  Both  EMP  and 
IMP  analyses  were  done  at  Edinburgh  University  on  Cameca  Camebax  and  Cameca  ims-4f 
instruments  respectively,  using  standard  techniques.  Estimates  of  pressure  and  temperature  for  the 
xenoliths  were  determined  following  the  recommendations  of  Brey  and  Kohler  (1990).  The  mineral 
melt  partition  coefficients  used  for  trace  elements  follow  the  suggestions  of  Harte  et  al.  (1996). 


Major-minor  element  compositions  and  the  Ca0-Cr203  diagram  for  Garnets 

The  types  of  compositional  variations  seen  may  be  summarised  on  the  CaO-Cr^O^  diagram,  which 
is  widely  used  for  distinguishing  lherzolitic  (G9)  from  harzburgitic  (G10)  peridotite  garnets  and 
G10  (high  Cr/low  Ca)  garnets  associated  with  diamonds.  On  this  diagram  (see  Fig.  la)  chemically 
homogeneous  Jagersfontein  garnets  plot  in  reasonably  distinct  fields  according  with  the  division  of 
the  peridotite  suite  by  Winterburn  et  al.  (1990)  into:  (i)  a  coarse  low-temperature  lherzolitic  suite; 
(ii)  a  coarse  medium-temperature  harzburgitic  suite;  and  (iii)  a  deformed  high-temperature  suite 
(both  lherzolites  and  harzburgites).  The  garnets  from  deformed  high-temperature  peridotites  define 
the  lherzolite  trend  line  (Fig.  1),  and  are  broadly  distributed  along  this  trend  with  Cr  and  Ca 
decreasing  according  to  depth,  so  the  deepest  samples  plot  near  the  base  of  the  lherzolite  trend. 

Representative  peridotite-suite  garnets  showing  core-rim  zonation  (or  other  chemical  compositional 
heterogeneity)  are  also  shown  on  Fig.  la.  As  well  as  Ca  and  Cr,  the  variation  in  these 
heterogeneous  garnets  commonly  involves  Ti,  Cr  and  Mg  (sometimes  Fe  and  Na),  and  a  number  of 
major  types  (la,  lb,  II,  EQa  and  Illb)  of  compositional  variation  may  be  distinguished  as  shown  in 
Fig.  1  b.  By  far  the  commonest  core  to  rim  variation  seen  involves  decreasing  Cr  and  Ca  (Type  I)  in 
high-temperature  lherzolitic  (G9)  garnets  and  moves  them  down  the  lherzolite  trend.  However 
some  of  the  high-temperature  and  the  deeper  lherzolitic  garnets  move  up  the  lherzolite  trend  (Type 
II.  Fig.  lb).  In  addition  harzburgitic  (G10)  garnets  show  core  to  rim  variation  taking  them  towards 
the  lherzolite  trend  (Type  III  variation,  Fig.  lb). 
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(a) 


Fig.  1  Garnets  of  the  Jagersfontein  peridotite  suite  plotted  in  the  Ca0-Cr203  diagram. 

(a)  The  dashed  lines  outline  the  main  composition  fields  found  for  homogeneous  garnets  in: 

(i)  coarse  low-temperature  lherzoliths;  (ii)  coarse  medium-temperature  harzburgites;  and  (iii) 
deformed  high-temperature  lherzolites  and  harzburgites.  The  lherzolite  trend  line  is  defined  by  the 
high-temperature  peridotites,  which  show  greater  depths  of  origin  with  decreasing  Cr203  and  CaO. 
For  heterogenous  garnets  groups  of  identical  symbols  show  individual  composition  points  in 
representative  garnets;  with:  crosses  representing  Type  la,  squares  Typelb,  circles  Type  II, 
diamonds  Type  III.  Compositions  of  megacrystic  garnets  from  Jagersfontein  are  shown  by  square 
with  cross  symbols. 

(b)  Arrowed  lines  pick  out  the  core-to-rim  trends  in  composition  of  heterogeneous  garnets  plotted 
in  upper  diagram  (a)  and  indicate  major  compositional  variations.  Megacrysts  as  in  (a). 
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Burgess  (1997)  showed  that  the  major-minor  element  compositional  variations  could  be  interpreted 
as  due  to  metasomatic  interaction  with  melts  whose  original  compositions  were  similar  to  those  of 
the  magmas  from  which  Cr-poor  garnet  megacrysts  crystallised.  As  the  melt  infiltrated  and 
percolated  through  the  peridotites,  its  major  element  compositions  were  largely  buffered  by  the 
peridotites,  but  less  compatible  elements  remained  unbuffered,  and  therefore  minor  elements  such 
as  Ti  increased  progressively  as  the  melt  moved  upwards.  Burgess  (1997)  therefore  suggested  that 
melt  infiltration  through  the  deformed  mantle,  and  into  the  coarse  cratonic  root  zone  (represented 
by  the  G  10-bearing  harzburgitic  medium-temperature  xenoliths),  caused  the  removal  of  G10 
garnets  and  modification  of  harzburgites  to  lherzolites  in  the  root  zone  over  time. 


Rare  Earth  Element  Composition  of  Jagersfontein  Garnets 

The  rare  earth  element  composition  of  garnets  is  closely  related  to  their  depth  and  position  on  the 
CaO-Cr2CE  diagram.  Coarse  low-temperature  G9-garnets  from  unmetasomatised  samples  have 
HREE-enriched  garnet  patterns  with  the  overall  lowest  abundances  of  REE.  Coarse  medium- 
temperature  G  10-garnets  show  'humped'  patterns,  widely  thought  to  be  characteristic  of  coarse 
xenolith  garnets,  with  a  maximum  on  the  chondrite-normalised  REE  abundance  diagram 
somewhere  between  Ce  and  Dy  according  to  sample.  Deformed  high-temperature  G9  garnets  show 
dominantly  HREE-enriched  plateau  patterns,  with  LREE-MREE  lower  in  abundance  than  G10 
garnets,  but  with  higher  levels  of  HREE.  However,  those  with  relatively  high  Ca-Cr  exhibit  minor 
maxima  in  the  MREE,  particularly  in  grain  cores. 

Core-to-rim  compositional  changes  within  a  garnet  are  dominated  by  increases  in  HREE,  with 
minor  decreases  in  LREE.  Therefore  in  the  'humped'  patterns  shown  by  G10  garnets,  the  maxima  on 
the  chondrite-normalised  abundance  diagram  move  toward  the  HREE  as  one  moves  from  core  to 
rim  of  the  garnet.  Relatively  shallow,  high  Ca-Cr  deformed  G9  garnets  change  from  'humped'  REE 
patterns  to  HREE-enriched  plateau  patterns.  Deeper  G9  garnets  simply  show  increasing  levels  of 
the  HREE  plateau. 

There  is  a  clear  compositional  progression  in  garnet  compositions  in  terms  of  REE  which  is  coupled 
to  Ca-Cr.  As  the  Ca-Cr  increases  in  deformed  G9  garnets,  the  levels  of  LREE  increase  and  levels 
of  HREE  decrease,  whilst  core-to-rim  variations  increase  from  indistinct  changes  in  the  deepest 
samples  to  marked  changes  in  garnet-REE  pattern  shape  in  the  shallower  deformed  peridotite 
samples.  The  coarse  G10  garnets,  derived  from  mantle  overlying  the  deformed  peridotite  section, 
but  representing  the  lower  part  of  the  coarse-xenolith  mantle,  provide  an  extension  of  this  trend  by 
showing  further  increases  in  LREE,  decreases  in  HREE,  and  yet  larger  core-to-rim  REE  variations. 


The  Composition  and  Evolution  of  Melts  in  Equilibrium  with  Garnet 

The  expected  trace  element  compositions  of  melts  in  equilibrium  with  garnet  core  and  rim 
compositions  have  been  calculated  using  partition  coefficients.  REE  patterns  of  melts  in 
equilibrium  with  the  rims  of  garnets  showing  a  range  of  CaO-Cr2CE  compositions  are  shown  in 
Fig.  2a.  All  melt  compositions  are  characterised  by  LREE-enrichment.  In  addition  for  deformed 
peridotite  G9  garnets,  as  the  garnet  CaO-Cr2CE  composition  increases  and  therefore  depth  of  origin 
decreases,  the  LREE  abundance  and  LREE/HREE  ratio  steadily  increase  (DP  garnets  in  Fig.  2a). 
The  composition  of  melt  in  equilibrium  with  a  coarse  G10  garnet  (1728  G10  in  Fig.  2a)  represents  a 
continuation  of  this  trend  to  still  higher  LREE/HREE  ratios.  Also  shown  in  Fig. 2a  is  the 
composition  of  melt  in  equilibrium  with  a  typical  Cr-poor  garnet  megacryst  (J75  MEG)  from 
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Jagersfontein.  Its  composition,  with  the  lowest  LREE  and  highest  HREE,  is  consistent  with  it 
representing  the  source  composition  of  a  melt  which  percolated  upwards  and  evolved  to 
progressively  higher  LREE/HREE  as  it  went. 

Similar  plots  of  REE  compositions  of  melts  in  equilibrium  with  the  core  compositions  of  large 
grains  (representing  earlier  garnet  compositions  unlikely  to  have  been  modified  by  diffusion)  show 
the  same  pattern  of  increasing  LREE/HREE  ratio  as  CaO-Cr20?  compositions  increase  and 
therefore  depth  decreases.  However,  melts  in  equilibrium  with  cores  have  higher  LREE/HREE 
ratios  than  those  in  equilibrium  with  corresponding  rims,  suggesting  more  'evolved'  compositions. 

Theoretical  modelling  (Burgess  1997)  of  the  evolution  of  an  initial  'megacryst'  melt  composition 
(like  J75  MEG  in  Fig.  2a)  as  a  consequence  of  Rayleigh  fractionation  of  olivine,  pyroxene,  and 
garnet  is  shown  in  Fig.  2b.  The  resultant  calculated  melt  compositions  (represented  by  melt 
proportions  1  to  0.1  in  Fig.  2b)  show  REE  compositions  similar  to  those  of  melts  in  equilibrium 
with  the  rims  of  deformed  G9  (DP)  and  coarse  G10  garnets  (Fig.  2a).  These  results  indicate  the 
importance  of  crystal  fractionation  in  creating  appropriate  metasomatic  melt  compositions  from  an 
initial  ‘megacryst’  melt  as  it  percolates  through  and  reacts  with  the  sub-cratonic  peridotites  to 
produce  the  zoned  garnets.  Other  processes,  such  as  the  reaction  and  exchange  seen  in  a 
chromatographic  column  (Navon  and  Stolper  1987),  may  be  important,  but  without  crystal 
fractionation  they  cannot  easily  produce  the  increasing  LREE/HREE  signatures  with  decreasing 
depth  from  a  'depleted'  archaean  sub-cratonic  lithosphere. 

Clearly,  segments  of  the  mantle  lithosphere  may  have  been  affected  by  such  percolation-reaction- 
fractionation  processes  more  than  once,  and,  as  well  generating  the  rim  compositons  of  the  garnets 
under  discussion,  they  could  have  played  a  role  in  creating  the  earlier  core  garnet  compositions  in 
the  peridotites.  It  is  notable  that  the  melt  fractionation  process  modelled  in  Fig.  2b  is  capable  of 
generating  melts  from  which  garnets  with  markedly  ‘humped’  REE  patterns  may  crystallise. 


Conclusions 

Core-to-rim  compositional  variations  in  peridotitic  garnets  show  systematic  variations  related  to  the 
initial  core  composition  of  the  garnet  and  the  depth  of  origin  of  the  peridotites.  Major-minor 
element  compositional  changes  are  consistent  with  metasomatic  interaction  with  melts  related  to 
megacryst  magma  compositions,  which  cause  changes  in  garnet  composition  along  the  G9 
lherzolite  trend  and  from  G10  towards  the  G9  lherzolite  trend.  The  REE  compositions  of  the  garnet 
rims  are  characterised  by  increasing  LREE/HREE  ratios,  and  may  be  modelled  as  those  in 
equilibrium  with  a  ‘megacryst  melt’  undergoing  crystal  fractionation  whilst  percolating  through  and 
reacting  with  peridotites.  Thus  the  metasomatic  modification  of  the  peridotites  involves  both 
reactional  exchange  and  crystal  fractionation,  similar  to  the  model  of  percolative  crystal 
fractionation  argued  for  on  other  grounds  by  Harte  et  al.  (1993). 

The  correlation  of  major-minor-trace  element  compositions  with  depth-temperature  relations  and 
the  CaO-Cr203  plot  for  garnets  may  be  used  to  explain  the  evolution  and  distribution  of  G9/G10 
garnets  in  the  sub-cratonic  lithsophere.  In  particular,  the  loss  of  G10  signatures  in  harzburgites  by 
this  process  may  be  evidence  for  the  modification  of  the  cratonic  root  zone  to  lherzolitic 
compositions  over  time,  and  thus  has  implications  for  diamond  distribution  and  productivity. 
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Fig.2.  (a)  REE  compositions  of  melts  calculated  using  partition  coefficients  (Harte  et  al.,  1996)  to 
be  in  equilibrium  with  garnet  rim  compositons  (‘J75  Meg’  is  a  typical  megacryst,  the  ‘DP’  are 
deformed  high-temperature  peridotites,  and  ‘1728  G10’  is  from  a  coarse  medium-temperature 
harzburgite).  (b)  Theoretical  melt  compositons  calculated  on  the  basis  of  fractional  crystallisation 
of  50%  olivine,  25%  garnet,  and  25%.clinopyroxene  from  an  initial  melt  in  equilibrium  with  the 
composition  of  the  J75  megacryst.  0.9  to  0.1  labels  indicate  the  proportion  of  melt  remaining. 
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Introduction 

The  future  position  of  Canada  as  a  world  class  producer  of  diamonds  has  been  established  by 
construction  of  the  Ekati  Diamond  Mine  in  the  Northwest  Territories.  Diamond  production  from 
the  first  pipe,  the  Panda  kimberlite,  is  slated  for  late  1998  at  a  rate  of  approximately  3.5  million 
carats  per  annum.  Diamond  production  from  Canada  could  total  more  than  10  million  carats  per 
year  with  the  addition  of  the  Diavik  Lac  de  Gras  operation,  which  is  currently  at  feasibility  stage. 
Since  discovery  of  the  Point  Lake  pipe  in  1991,  nearly  200  kimberlites  have  been  found  in  the 
Slave  Province  of  the  Northwest  Territories.  A  newly  discovered  diamondiferous  kimberlite  field, 
the  Buffalo  Hills  province,  is  located  in  north  central  Alberta  (Figure  1).  To  date,  15  kimberlites 
have  been  found  in  the  province  (Carlson  et  ah,  1998). 

Slave  Craton,  Northwest  Territories 

Kimberlites  on  the  Slave  craton  of  Canada’s  Northwest  Territories  are  concentrated  in  the  vicinity 
of  Lac  de  Gras,  near  the  craton’ s  geographic  center.  The  BHP-Dia  Met  and  Diavik  properties  host 
the  majority  of  pipes,  each  with  several  clusters  numbering  several  tens  of  pipes.  Relatively 
isolated  occurrences  of  individual  pipes  or  small  clusters  of  a  few  pipes  occur  outside  this  central 
region.  The  Slave  craton  is  composed  predominantly  of  granites,  migmatite  gneisses  and 
metasedimentary  schists  in  three  main  domains:  an  ancient  crustal  domain  to  the  west,  a  younger 
juvenile  domain  to  the  east,  and  a  central  accretionary  domain  (Helmstaedt,  1996  pers.  comm.). 
Kimberlites  are  concentrated  in  the  central  domain.  The  discovery  of  the  Lac  de  Gras  kimberlites 
was  based  on  indicator  mineral  sampling  of  glacial  materials,  followed  by  ground  and  airborne 
magnetic  and  EM  surveys  (Fipke  et  ah,  1995).  Central  Slave  craton  pipe  ages  range  from 
approximately  47  Ma  to  74  Ma  (Davis  and  Kjarsgaard,  1997).  The  Lac  de  Gras  kimberlite  pipes 
are  dominantly  filled  by  volcaniclastic  materials,  including  pyroclastic  ash  tuffs,  lapilli  tuffs,  and 
olivine  crystal-rich  tuffs,  and  lesser  amounts  of  epiclastic  kimberlite  mudstones,  siltstones, 
sandstones  and  rarely  conglomerates.  Diatreme  and  hypabyssal  phases  are  present  and  in  some 
cases  crosscut  volcaniclastic  kimberlite  or,  more  rarely,  hypabyssal  phases  appear  to  have 
completely  replaced  the  diatreme  and  crater  materials  within  the  pipe  (Kirkley  et  al.,  1998). 
Mineralogy  of  the  hypabyssal  kimberlites  suggests  that  they  are  Group  I;  olivine  macrocry sts  are 
set  in  a  groundmass  dominated  by  serpentine  and  carbonate.  Fresh  monticellite  is  common,  whereas 
phlogopite,  perovskite,  ilmenite  and  spinel  are  minor  groundmass  phases. 

Canada’s  first  commercial  diamond  mine,  the  Ekati  Diamond  Mine,  is  located  approximately  25 
km  north  of  Lac  de  Gras.  The  mining  plan  includes  the  development  of  five  kimberlite  pipes  over  a 
seventeen-year  period.  The  first  pipe  to  be  mined  is  the  Panda  pipe,  which  contains  an  open  pit 
mining  reserve  of  12.6  million  tonnes  at  1.09  carats  per  tonne  with  an  average  diamond  value  of 
US$130  per  carat.  The  Panda  pipe  occupies  a  small  lake,  is  nearly  circular  in  plan  view,  has  a 
surface  area  of  3.1  hectares  and  is  overlain  by  15  to  25  meters  of  glacial  sediments.  The  pipe  is 
comprised  of  crater  facies  kimberlite  to  a  depth  of  at  least  300  meters  (Figure  2)  and  is  composed 
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mostly  of  volcaniclastic  kimberlite  with  minor  lenses  or  blocks  of  kimberlitic  mudstone,  siltstone 
and  sandstone.  Rb-Sr  systematics  on  phlogopite  macrocrysts  indicate  an  age  of  53.2  ±  3.8  Ma 
(Collerson,  1995  pers.  comm.).  The  main  volcaniclastic  constituents  include  olivine  crystal  tuffs, 
lapilli  tuff  and  tuff  breccia.  Volcaniclastic  kimberlite  has  a  distinctive  pelletal  texture  and  contains 
abundant  olivine  macrocrysts  (up  to  1  cm),  garnet,  chrome  diopside  and  chromite  xenocrysts  set  in 
a  very  fme-grained  altered  matrix.  Panda  diamonds  exhibit  all  the  common  natural  crystal  shapes, 
namely  octahedra,  dodecahedra,  cubes,  twins  (macles),  aggregates,  and  combined  forms.  Broken 
stones  and  fragments  are  very  common.  Yellow  diamonds  are  very  rare,  browns  and  greys  are 
common,  and  high  quality  white  dodecahedra  and  octahedra  are  present  up  to  the  largest  diamond 
sizes  recovered  to  date.  In  contrast,  the  cubic  fibrous  material  is  mainly  confined  to  the  smaller  size 
fractions.  It  is  clear  that  Panda  diamonds  represent  more  than  one  diamond  forming  episode  and 
that  the  diamonds  have  experienced  a  range  of  deformation  and  resorption,  as  is  common  for 
kimberlite  diamond  production  (Gurney,  1998  pers.  comm.). 

The  Diavik  Diamond  Project  is  located  approximately  30  kilometers  southeast  of  the  Ekati 
Diamond  Mine.  Final  feasibility  studies  are  being  undertaken  in  1998  at  Diavik  to  assess  the 
economic  potential  of  four  diamond  bearing  kimberlite  pipes  designated  as  A- 154  South,  A- 154 
North,  A-418  and  A-21.  Together,  the  four  pipes  comprise  an  estimated  resource  of  37.3  million 
tonnes,  grading  an  average  of  3.3  carats  per  tonne.  A- 154  South,  A- 154  North  and  A-418  are 
located  within  1  km  of  the  proposed  development  site,  while  A-21  is  located  4.5  km  southwest  of 
this  main  cluster.  Parcels  totalling  11,739  carats  from  A-154  South  and  8,275  carats  from  A-418 
have  been  valued  at  US$63/ct  and  US$56/ct,  respectively.  Diamond  production  is  anticipated  to 
commence  early  in  the  next  century,  contingent  on  the  completion  of  feasibility  work  and  the 
receipt  of  mining  permits. 

The  Diavik  kimberlites  are  Eocene  (~53  ma)  and  form  small  (<2  ha),  steep  sided,  cone-shaped 
bodies,  hosted  within  a  complex  of  Archean  granitoids  and  micaceous  metasediments.  All  four 
pipes  are  located  in  a  near  shore  environment  in  Lac  de  Gras,  capped  by  deposits  of  Quaternary  till 
(up  to  20m  thick)  and  thin  veneers  of  lacustrine  sediments.  Water  depths  in  the  project  area  range 
from  4  to  25  meters.  Volumetrically,  the  Diavik  pipes  are  dominated  by  assemblages  of 
volcaniclastic  crater  facies  kimberlite,  including  pyroclastic  and  debris  flow  sequences  (Graham  et 
al.,  1998).  Minor  occurrences  of  hypabyssal  kimberlite  form  contact  intrusions  along  pipe  margins 
and  occur  as  deep  magmatic  feeders  to  the  pipes.  Mineralogically,  the  kimberlites  consist  of 
primary  magmatic  phenocrysts  and  mantle  xenocrysts  dominated  by  olivine  and  lesser  amounts  of 
garnet,  clinopyroxene  and  mica,  set  in  a  matrix  of  mud  and  fine  kimberlite  ash.  A  variety  of 
country  rock  and  mantle  xenoliths  are  common  but  mud-dominated  Cretaceous  platform  sediments 
comprise  the  largest  proportion  of  xenoliths  by  volume.  Mud  fragments,  along  with  conifer  wood 
fragments,  have  been  observed  in  crater  facies  kimberlite  at  depths  in  excess  of  400  meters. 

In  addition  to  the  Ekati  and  Diavik  pipes,  several  other  kimberlite  discoveries  in  the  Slave  Province 
may  have  commercial  potential. 

The  5034  (Kennedy  Lake)  kimberlite,  in  the  southeastern  Slave  Province,  is  an  irregularly  shaped 
body  with  a  drill-indicated  resource  of  20  million  tonnes  to  a  depth  of  350  meters.  A  104  tonne 
sample  indicated  the  grade  of  the  pipe  to  be  2.5  carats  per  tonne  at  an  average  value  of 
approximately  USS55  per  carat.  The  5034  pipe  is  a  hypabyssal  facies  kimberlite  characterized  by 
olivine  and  lesser  orthopyroxene  macrocrysts  set  in  a  groundmass  of  serpentine,  calcite,  apatite, 
perovskite,  chrome  spinel,  apatite,  and  other  mantle  phases  (Pell,  1997).  Whole  rock  chemistry  of 
5034  shows  some  similarities  with  both  Group  II  kimberlites  and  micaceous  olivine  lamproites 


(Cookenboo,  1996).  Isotopic  studies  on  groundmass  phlogopite  yielded  a  Rb-Sr  isochron  of  538.6 
±  2.5  Ma  (Cambrian)  (H.  Cookenboo,  1997  pers.  comm.). 

The  Jericho  pipe,  in  north  central  Slave  Province,  is  an  elongate  multiphase  intrusion.  Processing  of 
9,401  tonnes  of  an  underground  bulk  sample  yielded  10,539  carats  of  diamonds  for  an  average 
grade  of  1.18  carats  per  tonne  and  an  assigned  value  of  US$62  per  carat  (Cookenboo,  1997).  Three 
distinct  phases  are  recognized  in  the  Jericho  (Kopylova  and  Russell,  1996).  The  earliest  phase  is  a 
hypabyssal  kimberlite,  which  forms  a  precursor  dike  and  satellite  pipe.  The  second  phase  is 
represented  by  diatreme  facies  kimberlite  in  two  lobes  adjacent  to  the  central  diatreme  kimberlite. 
The  latter  comprises  the  third  phase.  Incorporated  within  the  kimberlites  are  well-preserved  mantle 
xenoliths  including  peridotite,  eclogite,  and  pyroxenite  (Kopylova  et  al.,  1996).  An  age  of  172.3  ± 
2  Ma  (mid-Jurassic),  has  been  assigned  to  the  pipe  on  the  basis  of  Rb-Sr  methods  on  phlogopite 
megacrysts  (Heaman  et  al.,  1997). 

Numerous  other  kimberlite  pipes  and  dikes  have  been  discovered,  but  preliminary  sample  results 
have  not  been  sufficiently  encouraging  to  warrant  large-scale  bulk  sampling. 

Buffalo  Hills,  Alberta 

The  Buffalo  Hills  kimberlite  discoveries  are  located  in  north  central  Alberta  (Figure  1)  and 
represent  a  new  Canadian  kimberlite  province  (Carlson  et  al.,  1998).  The  kimberlites  intrude  a 
-1600  m  thick  sequence  of  dominantly  flat-lying  Devonian  and  Cretaceous  sedimentary  rocks.  The 
Precambrian  basement,  which  has  been  designated  as  the  Buffalo  Hills  Terrane,  consists 
predominantly  of  early  Proterozoic  high-grade  metamorphic  rocks. 

The  Buffalo  Hills  kimberlites  were  first  detected  on  a  fixed-wing  aeromagnetic  survey  conducted 
for  oil  and  gas  exploration.  The  dominant  features  defined  by  the  survey  were  long-wavelength, 
but  several  shallow,  high  frequency  anomalies  were  also  recognized.  Investigations  of  pre-existing 
seismic  profiles  in  the  vicinity  of  these  anomalies  revealed  very  strong  diffractions.  The  unusual 
signatures  suggested  that  the  aeromagnetic  anomalies  were  possibly  the  result  of  disruptive 
intrusives. 

Ashton  Mining  of  Canada  commenced  exploration  of  the  Buffalo  Hills  Terrane  in  late  1996.  To 
date  the  company  has  discovered  15  kimberlites  in  the  province.  Inferred  sizes  range  from  <1  to 
-45  hectares.  Some  pipes  are  covered  by  variable  thicknesses  of  glacial  overburden  up  to  90m 
deep,  however  several  kimberlites  crop  out  (Figure  3).  U-Pb  dating  of  perovskite  suggests  that  the 
Buffalo  Hills  kimberlites  were  emplaced  between  86  ±  3  and  88  ±  5  Ma.  Initial  petrological 
studies  of  the  kimberlites  indicate  that  all  material  recovered  to  date  is  crater  facies.  Volcanic 
stratigraphy  is  dominated  by  lapilli-bearing  olivine  crystal  tuffs,  locally  with  well-defined,  coarse 
ash  to  coarse  crystal  normally  graded  beds.  The  Buffalo  Hills  pipes  are  considered  to  be  Group  I 
kimberlites  on  the  basis  of  spinel  compositional  trends,  phlogopite  composition  and  the  presence  of 
a  classic  kimberlitic  indicator  mineral  suite  (Carlson  et  al,  1998). 

Evaluation  of  the  diamond  potential  of  the  Buffalo  Hills  kimberlites  is  in  the  preliminary  stages. 
Diamonds  have  been  recovered  from  small  (36-91  kg)  core  and  trench  samples  of  all  but  three  of 
the  fifteen  tested  pipes.  The  diamond  microcrysts  (<0.5mm)  are  predominantly  sharp-edged 
octahedra,  macles,  and  octahedral  aggregates.  By  contrast,  the  diamond  macrocryst  population  is 
dominated  by  tetrahexahedra  and  resorbed  fragments  with  very  rare  cubes.  Bulk  sampling 
programs  will  be  required  to  determine  viability  of  this  new  discovery. 
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Figure  1 .  Location  map  of  recent  major  kimberlite  discoveries  in  Canada 
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Figure  2.  Diagrammatic  cross  section  of  the  Panda  pipe,  Northwest  Territories 


Archean 


Biotite  Granite 


x  v  '  ) V 

^  *  I  I  I  \X 


Ground  Level 


Panda  Kimberlite 


400m  mean  sca 

level 


300m 


200m 


K14  Kimberlite 

Ground  Level 


Overburden 


100m 

■< - 


600m 

mean  sea 
level 


500m 


400m 


Cretaceous 

Siltstone 


Figure  3.  Diagrammatic  cross  section  of  the  K14  pipe,  Buffalo  Hills,  Alberta 
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Introduction 

Many  Archean  cratons  include  >200  km  thick  lithospheric  mantle  “keels”  distinguished  by 
unusually  fast  and  anisotropic  seismic  velocities  (e.g.  Silver  and  Chan,  1988;  Polet  and  Anderson, 
1995).  Xenoliths  from  these  keels  are  dominated  by  peridotites  that  are  depleted  in  Ca,  A1  and  Fe 
compared  to  any  estimate  of  fertile  mantle  (Boyd  and  Mertzman,  1987).  For  the  Kaapvaal  and 
Siberian  cratons,  Re-Os  isotope  systematics  show  this  depletion  to  have  occurred  in  the  Archean 
(Pearson  et  al.,  1995a,b).  Some  cratons,  however,  such  as  the  Sino- Korean  craton  in  China  and  the 
Wyoming  craton  in  western  North  America  (Van  der  Lee  and  Nolet,  1997),  do  not  have  thick, 
seismically  fast,  lithospheric  mantle.  The  lack  of  a  seismically  defined  keel  implies  either 
delamination  of  a  previously  present  keel  or  that  the  mantle  beneath  these  cratons  is  compositionally, 
or  thermally,  distinct  from  that  underlying  other  Archean  cratons. 

To  investigate  the  characteristics  of  the  mantle  beneath  the  Wyoming  craton,  we  have  examined 
the  chemical  and  isbtopic  characteristics  of  peridotite  xenoliths  from  the  Williams  kimberlite.  The 
Williams  kimberlite  is  part  of  a  large  swarm  of  middle  Eocene  mafic-alkalic  magmas  occurring  in 
north-central  Montana  (Hearn,  1989;  O'Brien  et  al.,  1991;  Scambos,  1991).  This  magmatic  activity 
is  believed  to  be  related  to  steepening  subduction  of  the  Farallon  plate  beneath  North  America  and  to 
an  influx  of  hot  asthenospheric  mantle  into  the  region  formerly  occupied  by  the  shallow  subducting 
slab  (Lipman  et  al.,  1972;  O'Brien  et  al.,  1995).  The  Williams  kimberlite  contains  a  variety  of  crustal 
and  mantle  xenoliths  and  xenocrysts  (Hearn  and  McGee,  1984;  Hearn,  1993).  Six  peridotites  and 
one  gamet-clinopyroxene  composite  megacryst  (W210,  T  =  1264°C,  P  =  4.5  GPa)  were  selected  for 
analysis.  Peridotite  samples  are  one  spinel  peridotite  (H67-28I,  T  =  980°C),  two  “low-temperature” 
granular  garnet  peridotites  (H68-16B,  T=959°C,  P  =  3.8  GPa;  T3-4,  T  =  1006°C,  P  =  4.2  GPa)  that 
lie  on  a  typical  44mW/m2  shield  geotherm  and  3  “high-temperature”  garnet  peridotites  (WP28-3-1,  T 
=  1327°C,  P  =  4.8  GPa;  H81-21,  T  =  1344°C,  P  =  5.4  GPa;  H69-15F,  T  =  1320°C,  P  =  4.6  GPa) 
that  lie  distinctly  above  a  typical  shield  geotherm  (Hearn  and  Boyd,  1975;  Hearn  and  McGee,  1984). 

Major  element  determinations  show  all  samples  to  have  similar  compositions  with  no  clear 
compositional  difference  between  low-T  and  high-T  samples.  For  the  Williams  peridotites,  Si02 
ranges  from  43.4  to  44.6  wt%,  MgO  from  43.3  to  44.2  wt  %,  FeO  from  6.8  to  7.6%,  CaO  from 
0.56  to  1.11  wt%,  A1203  from  0.52  to  1.09  wt%  with  Mg/(Mg+Fe)  ranging  from  0.91 1  to  0.920,  all 
values  within  the  range  of  typical  depleted  lithospheric  peridotites  from  the  Kaapvaal  (Boyd  and 
Mertzman,  1987)  and  Siberian  (Boyd  et  al.,  1997)  cratons. 
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Sr,  Nd  and  Pb  isotope  measurements  were  performed  on  acid-washed,  hand-picked, 
clinopyroxene  separates.  Low-T  samples  have  87Sr/86Sr,  £Nd  and  2l)6Pb/2()4Pb  ranging  from  0.7042  to 
0.7065,  +0.5  to  -7.9,  and  17.39  to  18.49,  respectively,  which  overlap  the  ranges  (0.7032  to  0.7046; 
+2.1  to  -6.8;  18.19  to  19.18)  for  the  high-T  samples.  Garnet-clinopyroxene  pairs  from  the 
composite  megacry st  and  one  high-T  sample  define  Sm-Nd  ages  (66.9  +/-  1 1  Ma  and  55.6  +/-  13 
Ma,  respectively)  approaching  the  48  Ma  eruption  age  of  the  Williams  kimberlite.  Garnet- 
clinopyroxene  pairs  from  the  remaining  high-T  samples  and  one  low  T  sample  give  negative  slopes 
on  a  Sm-Nd  isochron  diagram  because  the  garnets  have  lower  143Nd/144Nd  than  the  clinopyroxenes. 
A  similar  situation  was  found  by  Gunther  and  Jagoutz  (1995)  in  low-T  Kimberley  peridotites.  These 
authors  suggested  that  this  isotopic  pattern  results  from  the  formation  of  garnet  during  decomposition 
of  amphibole  and  spinel  to  orthopyroxene  and  garnet  during  changing  P-T  conditions  shortly  before 
capture  of  the  xenolith  by  the  host  kimberlite.  Hearn  and  McGee  (1984)  suggested  that  phlogopite- 
rimmed  clots  of  moderate-Cr  garnet,  Cr-spinel,  Cr-diopside  and  enstatite  in  two  Williams  low-T 
peridotites  formed  by  the  breakdown  of  high-pressure,  high-Cr  garnet  brought  into  the  garnet-spinel 
stability  field.  These  textural/mineralogical  features,  the  observed  isotopic  disequilibrium  and  the 
irregular  Cr/Al  zoning  observed  in  the  low-T  peridotite  garnets  indicates  that  these  samples 
experienced  significant  changes  in  pressure  and  temperature  just  prior  to  their  capture  by  the  host 
kimberlite. 

Whole  rock  Re-Os  isotope  systematics  of  the  Williams  peridotites  provide  the  most  compelling 
chronological  story  for  the  history  of  the  cratonic  keel  of  the  Wyoming  craton.  The  3  low-T  samples 
have  the  unradiogenic  Os  typical  of  Re-depleted  cratonic  peridotites.  These  samples  have  Re¬ 
depletion  model  ages  ranging  from  1.7  to  2.5  Ga,  similar  to  those  of  shallow  spinel  peridotites 
contained  in  the  nearby  Highwood  Mountains  and  Eagle  Buttes  minettes  (Carlson  and  Irving,  1994). 
The  high-T  peridotites  from  Williams,  however,  have  Os  isotopic  compositions  (  Os/  Os  from 
0.1229  to  0.1250)  only  slightly  lower  than  expected  for  modem  “fertile”  mantle.  The  high-T 
peridotites  define  a  Re-Os  isochron  of  66  +/-  209  Ma  (large  uncertainty  caused  by  the  small  range  in 
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Os/  Os)  consistent  with  their  separation  from  the  convecting,  sublithospheric,  mantle  in  the  late 
Mesozoic  -  early  Cenozoic.  Thus,  the  lower  portions  of  the  lithospheric  keel  sampled  by  the 
Williams  xenoliths  may  be  the  source  residues  of  the  extensive  volcanism  occurring  in 
Montana/Wyoming  during  the  Mesozoic/Cenozoic. 

The  chemical  composition  of  the  Williams  peridotites  indicates  that  this  area  of  the  Wyoming 
craton  is  underlain  by  peridotite  displaying  the  typical  Ca,  Al,  Fe,  Re  depletion  observed  in  other 
Archean  craton  lithospheric  peridotites.  On  the  other  hand,  the  Re-Os  systematics  of  the  Williams 
peridotites  show  that  the  Proterozoic  -  late- Archean  keel  to  the  craton  is  truncated  at  relatively  shallow 
depth  (<  150  km)  and  is  underlain  by  depleted  peridotite  that  was  recently  underplated  to  its  base. 
Presumably,  because  of  its  relatively  young  age,  the  temperature  structure  of  this  underplated 
addition  to  the  craton  may  more  closely  resemble  that  of  the  surrounding  asthenospheric  mantle  thus 
disguising  the  seismic  signature  of  its  presence.  If  the  Wyoming  craton  ever  had  an  old,  thick. 


133 


lithospheric  mantle  keel,  the  relatively  young  Os  model  ages  for  the  high-T  Williams  peridotites  are 
consistent  with  suggestions  (Eggler  et  al.,  1988)  that  the  thick  keel  was  removed  prior  to  the 
Cenozoic  volcanism  that  produced  the  Williams  kimberlite. 
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Southern  Africa  is  unique  in  its  abundance  and  wide-spread  distribution  of  alkalic-ultramafic 
diatremes  that  have  brought  samples  of  the  lithospheric  mantle  to  the  surface  in  the  form  of  peridotite 
xenoliths.  These  xenoliths  have  been  shown  to  be  almost  ubiquitously  depleted  in  their  magmaphilic 
elements,  particularly  Ca,  A1  and  Fe,  compared  to  any  estimate  of  fertile  mantle  (Boyd  and  Mertzman, 
1987).  Since  this  depletion  results  in  an  assemblage  that  is  less  dense  than  fertile  mantle  (Boyd  and 
McCallister,  1976;  Jordan,  1979),  this  compositional  characteristic  has  been  given  primary  credit  for 
the  existence  of  thick,  seismically  fast,  lithospheric  mantle  keels  to  Archean  cratons  (Jordan,  1988). 

The  age  distribution  of  the  lithospheric  mantle  is  critical  in  trying  to  understand  the  mechanism  of 
formation  of  the  continental  crust  and  lithospheric  mantle.  If  formed  as  a  result  of  extensive  melting 
of  a  hot  mantle  plume  (Herzberg,  1993),  one  might  expect  a  relatively  narrow  age  range  for 
lithospheric  materials  clustering  close  to  the  time  of  the  plume  event.  Alternatively,  “stacking” 
models  involving  the  subduction/obduction  of  either  oceanic  plates  (deWit  et  al.,  1992)  or  island  arcs 
(Rudnick,  1995)  could  produce  both  lateral  and  vertical  variations  in  age  depending  on  the  age  of  the 
materials  being  added  to  the  “stack”.  Growth  of  the  lithospheric  mantle  by  simple  conductive 
cooling,  as  occurs  in  the  ocean  basins,  should  produce  a  downward  younging  age  pattern. 

The  antiquity  of  the  mantle  beneath  cratons  was  first  indicated  by  the  old  ages  obtained  for  silicate 
(Richardson  et  al.,  1984)  and  sulfide  (Kramers,  1979)  inclusions  in  diamonds,  but  these  ages  are  not 
directly  applicable  for  determining  the  age  of  the  peridotites  since  they  are  obtained  on  inclusions  in  a 
trace,  probably  metasomatic,  phase  (diamond).  In  addition,  at  least  for  the  silicate  inclusion  Sm-Nd 
data,  the  inclusion  ages  date  an  event  of  incompatible  element  enrichment  that  must  post-date  the 
depletion  characterizing  the  major  element  composition  of  the  peridotites.  In  contrast,  the  Re-Os 
isotopic  system  can  be  applied  directly  to  whole-rock  peridotite  samples  and  has  been  shown  to 
primarily  track  the  depletion  history  of  the  rock  rather  than  later  metasomatic  events  (W alker  et  al . , 
1989;  Carlson  and  Irving,  1994;  Pearson  et  al.,  1995a;  Pearson  et  al.,  1995b).  Whole  rock  Re¬ 
depletion  ages  for  peridotites,  however,  are  model  ages;  based  on  a  model  peridotite  evolving  with 
chondritic  (=  fertile  mantle)  Re/Os  that  experiences  complete  Re  loss  in  a  single  event  and  remains 
Re-free  until  its  transport  to  the  surface.  This  simplistic,  single-stage,  model  works  surprisingly  well 
when  applied  to  cratonic  peridotites,  but  Re-Os  model  ages  can  be  affected  by  either  incomplete  Re 
removal  and/or  later  Re-enrichment  during  the  multi-stage  chemical  evolution  experienced  by  the 
cratonic  mantle. 


At  this  time,  Re-Os  data  are  available  from  9  on-craton  localities  (Kimberley  floors,  Newlands, 
Finsch,  Jagersfontein,  Matsoku,  Liquobong,  Letsang-la-terae,  Premier,  and  Venetia)  and  2  off-craton 
localities  (Gibeon  and  East  Griqualand).  Peridotites  from  both  on-  and  off-craton  localities  show 
considerable  (>  1  Ga)  age  variation  between  individual  samples,  including  between  the  xenoliths 
from  a  single  kimberlite.  Whether  the  magnitude  of  this  variation  represents  the  true  age  range  of 
lithospheric  materials,  the  oversimplistic  nature  of  the  Re-depletion  model  age  calculation,  or 
metasomatic  perturbation  of  the  Re-Os  system  remains  to  be  answered. 

The  most  obvious  age  distinction  in  the  data  is  between  the  on-  and  off-craton  localities.  The 
average  Re-depletion  model  age  for  peridotite  xenoliths  from  off-craton  localities  (Pearson  et  al., 
1998)  is  1.6  +/-  0.4  Ga  (n  =  16,  range  1.1  to  2.2  Ga)  compared  to  2.5  +/-  0.5  Ga  (n=42,  range  1.2 
to  3.6  Ga)  for  on-craton  localities.  The  similarity  of  the  mean  age  of  peridotites  from  off-craton 
localities  to  the  age  of  the  mid-Proterozoic  mobile  belts  through  which  they  erupt  indicates  that 
formation  of  lithospheric  keels  is  not  restricted  to  the  Archean,  though  cratonic  keels  may  extend  to 
greater  depth  than  those  under  post- Archean  crust.  The  sharp  transition  in  ages  between  the  Archean 
peridotites  contained  in  Northern  Lesotho  kimberlites  compared  to  the  primarily  Proterozoic 
peridotites  from  the  nearby  off-craton  East  Griqualand  kimberlites  indicates  that  the  Archean  materials 
characterizing  the  craton  lithosphere  were  not  extensively  interleaved  with  the  lithosphere  of  the 
surrounding  mobile  belts  during  their  accretion  to  the  craton.  Similarly,  the  lack  of  Archean  age 
peridotite  xenoliths  from  off-craton  localities  indicates  that  the  Archean  lithosphere  has  not  flowed 
laterally  beneath  the  surrounding  mobile  belts  over  time. 

Within  the  on-craton  localities,  there  is  no  resolvable  age  variation  with  depth  of  origin  of  the 
peridotites.  The  average  Re-depletion  model  age  for  spinel  peridotites  is  2.5  +/-  0.3  Ga  (n  =  12, 
range  =  2.0  to  3.0  Ga)  compared  to  an  average  of  2.6  +/-  0.5  Ga  (n  =  31,  range  =  1.2  to  3.6  Ga)  for 
low-temperature  garnet  peridotites.  High-temperature  garnet  peridotites  give  a  slightly  younger  mean 
Re-depletion  age  (2.3  +/-  0.8  Ga,  n  =  6,  range  =  1.3  to  3.5  Ga).  This  age  still  requires  the  high-T 
peridotites  to  be  parts  of  the  ancient,  Re-depleted,  lithospheric  keel  to  the  craton  rather  than 
originating  from  the  underlying  asthenosphere.  The  slightly  younger  age  of  the  high-T  peridotites 
could  reflect  later  (late  Archean  to  early  Proterozoic)  underplating  of  the  keel,  but  also  could  indicate 
the  influence  of  increased  metasomatism  in  the  high-T  samples  or  simply  the  fact  that  only  6  high-T 
samples  have  been  analyzed  at  this  point. 

Regionally  across  the  Kaapvaal  craton,  there  is  a  statistically  unresolved  suggestion  of  a 
westward  younging  of  the  mantle  that  would  match  that  of  the  overlying  crust.  Peridotites  from  the 
westernmost  localities  (Finsch,  Kimberley  and  Newlands)  give  mean  Re-depletion  ages  of  2.4,  2.6 
and  2.7  Ga,  respectively,  while  peridotites  from  the  Northern  Lesotho  kimberlites  give  a  slightly 
higher  mean  age  of  2.9  Ga  with  4  of  7  samples  showing  Re-depletion  ages  of  3  Ga  or  greater. 

An  exception  to  this  trend  occurs  at  Premier  where  the  mean  peridotite  Re-depletion  age  is  a 
relatively  young  2.3  +/-  0.6  Ga  and  6  of  12  samples  give  Re-depletion  ages  between  2.0  and  2.3  Ga. 
Premier  is  the  only  locality  examined  so  far  that  lies  within  the  boundary  of  the  2.05  Ga  Bushveld 
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intrusion.  The  circa  2  Ga  peridotite  ages  obtained  at  Premier  overlap  the  Bushveld  age  and  suggest 
that  much  of  the  mantle  sampled  as  xenoliths  in  the  Premier  kimberlite  may  be  the  residue  left  by 
extraction  of  Bushveld  melts.  The  alternative,  that  these  peridotites  obtained  their  young  age  through 
interaction  with,  or  incorporation  of,  Bushveld  melts  is  contradicted  by  the  observation  that  the 
Premier  peridotites  have  bulk  elemental  compositions  similar  to  other  cratonic  peridotites  (Boyd  and 
Mertzman,  1987;  Boyd  et  al.,  1997)  and  routinely  have  among  the  lowest  Re/Os  measured  for 
southern  African  peridotites.  Since  the  Bushveld,  and  most  other  mafic  melts,  would  be  expected  to 
have  much  higher  Re/Os  than  residual  peridotite,  the  low  Re/Os  observed  for  the  Premier  peridotites 
suggests  that  the  circa  2  Ga  ages  obtained  are  not  caused  by  metasomatism  of  Archean  peridotite,  but 
instead  reflect  new  lithospheric  mantle  added  to  the  craton  during  the  Bushveld  event. 
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The  Buffalo  Hills  kimberlite  province  is  located  in  north-central  Alberta,  approximately  360  km 
northwest  of  the  city  of  Edmonton,  near  the  hamlet  of  Red  Earth  Creek.  The  province  is  named 
after  the  Buffalo  Head  Hills,  a  northerly-trending  physiographic  feature  of  moderate  relief  bounded 
to  the  west  by  the  Peace  River  drainage  and  to  the  east  by  the  Loon  and  Wabasca  River  drainages. 
The  Buffalo  Hills  kimberlites  represent  a  new  and  heretofore  undocumented  Canadian  kimberlite 
province;  prior  to  this  discovery  in  1997,  the  only  kimberlites  known  in  Alberta  were  two  pipes  of 
“possible  kimberlite”  located  at  Mountain  Lake,  180  km  to  the  southwest  (Leckie  et  al.,  1997). 

Kimberlites  in  the  Buffalo  Hills  province  are  underlain  by  the  Buffalo  Head  Terrane,  an  Early 
Proterozoic  tectono stratigraphic  designation  for  the  Precambrian  basement  in  this  area.  Evidence 
from  Sm-Nd  studies  suggests  that  the  Buffalo  Head  Terrane  may  include  a  significant  component  of 
remobilized  Archean  material.  Various  degrees  of  mixing  of  evolved  and  juvenile  material  resulted  in 
the  formation  of  2.32  to  2.0  Ga  crust,  and  a  subsequent  thermal-magmatic  event  between  1.9  and  2.0 
Ga  reset  the  zircon  crystallization  ages  (Villeneuve  et  al .,  1993).  The  Buffalo  Head  Terrane  consists 
predominantly  of  high-grade  metamorphic  rocks;  these  are  not  exposed  at  surface,  but  are  covered 
by  a  -1600  m  thick  sequence  of  Devonian  and  Cretaceous  sedimentary  rocks. 

The  Buffalo  Hills  kimberlites  were  first  detected  on  a  fixed-wing  aeromagnetic  survey  conducted  for 
oil  and  gas  exploration.  The  resultant  high-resolution  data  were  acquired  by  Alberta  Energy 
Company  Ltd.  in  1995  to  assist  in  the  interpretation  of  the  Precambrian  basement  structural  grain. 
The  dominant  features  defined  by  the  survey  were  long-wavelength,  but  several  shallow,  high- 
frequency  anomalies  were  also  recognized.  Investigation  of  pre-existing  seismic  profiles  in  the 
vicinity  of  these  anomalies  revealed  very  strong  diffractions  and  extensive  data  gaps,  where  actual 
data  had  been  removed  from  the  final  stacked  and  processed  versions  since  these  data  were 
considered  to  be  spurious.  The  unusual  signatures  suggested  that  the  aeromagnetic  anomalies  were 
possibly  the  result  of  disruptive  volcanic  intrusives.  These  geophysical  data  were  brought  to  the 
attention  of  Ashton  Mining  of  Canada  Inc.  in  October  of  1996,  and  an  option  agreement  was  signed 
by  Ashton  Mining  of  Canada  Inc.,  Pure  Gold  Resources  Inc.  and  Alberta  Energy  Company  Ltd.  to 
investigate  these  anomalies. 

To  date,  15  kimberlites  have  been  discovered  in  the  province,  with  inferred  sizes  ranging  from  <1  to 
-45  ha.  Some  pipes  are  covered  by  variable  thicknesses  of  glacial  overburden  up  to  90  m  deep. 
Several  kimberlites  outcrop,  including  the  spectacular  example  of  kimberlite  K5  that  forms  a  hill 
some  60  m  high.  Deep  seismic  profiles  suggest  that  many  kimberlites  in  the  province  exhibit  distinct 
pipe-like  morphologies,  with  initial  pipe  flaring  apparently  beginning  at  the  boundary  between 
Precambrian  and  Phanerozoic  sequences.  U-Pb  dating  of  perovskite  suggests  that  the  Buffalo  Hills 
kimberlites  were  emplaced  between  86±3  and  88±5  Ma. 

Initial  petrological  studies  of  the  Buffalo  Hills  kimberlites  indicate  that  all  material  recovered  to  date 
is  crater  facies.  A  diatreme-facies  component  has  not  as  yet  been  identified  in  drill  core  from  depths 
of  up  to  200  m.  Volcanic  stratigraphy  is  dominated  by  lapilli-b earing  olivine  crystal  tuffs, 
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occasionally  with  well-defined,  generally  normally-graded  beds  varying  from  coarse  ash  to  coarse 
crystal.  Juvenile  lapilli-rich  beds  and  rare  autoliths  have  also  been  noted,  particularly  in  kimberlites 
K6,  K91,  and  K14,  and  minor  interfingering  sedimentary  beds  have  been  identified  in  drill  holes  from 
several  pipes.  Lapilli  are  generally  spherical  or  amoeboid  in  form,  with  the  former  frequently 
nucleated  on  olivine  macrocrysts;  vesicles  are  a  common  feature  of  many  amoeboid  lapilli.  Crustal 
xenoliths  are  typically  shales  of  the  Shaftesbury  formation  and  commonly  display  margins  embayed 
by  olivine  grains,  suggesting  an  un-  or  semi-lithified  state  (for  the  host  rock)  during  kimberlite 
emplacement.  In  several  pipes,  silica  alteration  erases  primary  textures  in  the  uppermost  parts  of  the 
sequence,  while  bitumen  is  abundant  as  fracture  infillings  throughout  some  of  the  kimberlites. 

Petrographic  examination  of  the  macrocryst  mineralogy  of  the  Buffalo  Hills  kimberlites  reveals  a 
preponderance  of  olivine,  which  occurs  as  ovoid  grains  up  to  one  centimeter  in  length,  and  as 
smaller,  generally  subhedral  grains.  Olivines  are  typically  pseudomorphed  by  magnetite  and  calcite  at 
higher  levels,  ranging  through  to  serpentine,  calcite,  and  pyrite  at  depth  and  into  fresh  olivine  in  the 
most  unaltered  material.  Mica  is  an  occasional  constituent  of  the  macrocryst  assemblage,  appearing 
as  laths  up  to  5  mm  in  length.  An  unusual  greenish  mineral  (possibly  antigorite  plus  chlorite)  is 
abundant  in  some  pipes,  occurring  as  platy,  sometimes  vermiform  grains  up  to  15  mm  in  length. 
Microphenocrysts  of  mica,  perovskite,  atoll-textured  spinel,  and  apatite  are  also  present. 
Groundmass  mineralogy  is  generally  a  fine-grained,  sometimes  segregational  assemblage  of 
serpentine,  dolomite,  calcite,  and  chlorite.  Pyrite,  Ni-sulfide,  rutile,  and  ilmenite  are  frequent 
microcrystalline  accessory  phases. 

The  Buffalo  Hills  pipes  are  considered  to  be  group  I  kimberlites.  Spinel  microphenocrysts  from 
several  pipes  have  been  analyzed  and  appear  to  exhibit  magmatic  trend  1,  the  compositional  trend 
associated  with  group  I  kimberlites  (Mitchell,  1995).  Microphenocrysts  of  mica  show  evolution 
from  phlogopite  towards  aluminous  phlogopite,  thus  plotting  along  the  kimberlite  trend  on  AI2O3 
wt%  vs.  TiC>2  wt%  diagrams  (Mitchell,  1995).  Some  of  the  more  aluminous  micas  display  barium 
enrichment,  with  up  to  2.9  wt%  BaO.  Additional  support  for  the  classification  of  these  rocks  as 
kimberlites  is  provided  by  the  presence  of  a  classic  kimberlitic  indicator  mineral  suite,  including 
diamond,  and  the  lack  of  any  atypical  typomorphic  minerals.  Attempts  to  classify  these  rocks  via 
whole-rock  analysis  have  met  with  limited  success;  this  approach  does  not  appear  to  be  well-suited 
to  the  crater-facies  rocks  recovered  to  date. 

The  full  suite  of  kimberlitic  indicator  minerals  is  present  in  the  Buffalo  Hills  pipes.  Minerals  derived 
from  mantle  peridotites  and  pyroxenites  include  olivine  (forsterite),  chromian  pyrope,  calcic 
knorringite,  chromian  diopside  and  augite,  enstatite  and  various  chromian  spinels,  principally 
aluminous  magnesian  chromite.  The  chromian  garnet  compositions  suggest  derivation  from 
lherzolitic  rocks,  with  harzburgitic,  wehrlitic  and  probable  websteritic  rock  types  less  represented. 
Whereas  the  kimberlites  in  the  southern  part  of  the  province  contain  only  rare  subcalcic  (G10) 
garnets,  the  northern  pipes  do  contain  a  significant  number  of  GlOs,  including  some  strongly 
metameric  varieties  with  exceptionally  high  chromium  contents  of  up  to  17.8  wt%  Cr203. 
Aluminous  magnesian  chromites  generally  contain  between  30  wt%  and  62  wt%  CT2O3;  the  number 
of  grains  with  diamond  inclusion  chemistry  is  highly  variable  from  one  pipe  to  the  next,  however  no 
significant  trends  have  been  noted  across  the  province.  Xenocrysts  of  eclogitic  derivation  are  less 
common  in  the  kimberlites  and  have  not  been  extensively  investigated. 
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Additional  mineral  species  recovered  from  heavy  mineral  concentrates  include  diamond,  chromian 
corundum,  chromian  amphibole,  spinel  (Mg-Al),  magnesian  ilmenite,  titanian  pyrope,  almandine, 
grossular,  and  zircon.  These  minerals  are  presumably  derived  from  both  mantle  and  lower  crustal 
source  rocks.  Of  particular  interest  is  magnesian  ilmenite,  a  mineral  that  to  date  has  only  been 
recovered  in  trace  quantities  from  kimberlite  K2  in  the  southern  part  of  the  province;  kimberlites 
north  of  K2  appear  to  lack  magnesian  ilmenite  altogether.  Ilmenite  from  K2  contains  substantial 
niobium,  ranging  between  1.0  wt%  and  3.0  wt%  M^Os. 

The  mantle-derived  xenolith  population  includes  peridotitic,  pyroxenitic,  eclogitic  and  corundum- 
spinel-bearing  lithologies,  with  abundances  highest  in  kimberlite  K14.  Xenoliths  of  peridotitic 
classification  can  be  divided  into  several  subgroups  based  on  mineralogy  and  mineral  chemistry, 
including  (in  decreasing  order  of  abundance)  lherzolite,  wehrlite  and  harzburgite  parageneses. 
Textures  vary  from  coarse-granular  through  coarse-tabular  and  porphyroclastic-sheared,  to  much 
rarer  fluidal  styles.  Pyroxenites  and  eclogites  are  less  abundant;  graphite  has  been  noted  as  an 
accessory  phase  in  the  latter.  Corundum-spinel  xenoliths  (consisting  of  dark  green  spinel  and  red 
chromian  corundum  in  a  calcite-chlorite  matrix)  are  unusual  constituents  of  a  few  pipes. 

Evaluation  of  the  diamond  potential  of  the  Buffalo  Hills  kimberlites  is  still  in  the  preliminary  testing 
stages.  Diamonds  have  been  recovered  from  small  (36-91  kg)  core  and  trench  samples  of  all  pipes 
except  K4C,  K7A,  and  K7C.  The  diamond  microcrysts  (<0.5  mm)  are  predominantly  sharp-edged 
octahedra,  macles,  and  octahedral  aggregates.  By  contrast,  the  diamond  macrocryst  (>0.5  mm) 
population  is  dominated  by  tetrahexahedra  and  resorbed  fragments,  with  subordinate  octahedra  and 
very  rare  cubes.  The  largest  diamond  found  to  date  is  a  0.6  ct  octahedral  aggregate,  recovered  from 
a  27.4  tonne  mini-bulk  sample  of  kimberlite  K14. 

The  Buffalo  Hills  kimberlite  province  is  a  significant  discovery  in  the  history  of  worldwide  kimberlite 
exploration.  Preliminary  high-resolution  aeromagnetic  surveys  suggest  that  the  15  kimberlites 
discovered  to  date  may  be  only  a  minor  part  of  a  large,  multi-field  province  that  could  prove  to 
contain  numerous  additional  kimberlite  pipes.  The  large  size  of  some  of  these  kimberlites  coupled 
with  broadly  favorable  indicator  mineral  chemistry  and  the  presence  of  diamond  indicate  that  the 
Buffalo  Hills  province  may  have  the  potential  to  host  economic  diamond  deposits. 

The  authors  wish  to  thank  Dr.  Barbara  Scott  Smith  and  Dr.  Roger  H.  Mitchell  for  their 
contributions  to  the  understanding  of  the  petrology  of  the  Buffalo  Hills  kimberlites. 
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Introduction 

The  origin  of  carbon  in  diamonds  is  still  intensively  discussed.  About  20  years  ago  (Sobolev  et 
al.,\919),  it  was  recognised  that  one  type  of  diamond,  referred  as  “eclogitic”  (formally 
diamonds  which  contain  silicate  inclusions  of  eclogitic  composition)  cover  a  large  range  of 
S13C-values  from  -35  up  to  +3%c,  as  opposed  to  “peridotitic”  diamonds  and  to  other  mantle 
products  such  as  carbonates  from  kimberlites,  MORE,  OIB  and  carbonatites  generally  restricted 
to  a  S13C-interval  of  -10  to  0 %c  (e.g  Javoy  et  al.,  1986).  Because  the  813C-range  defined  by 
carbon  either  in  sediments  or  in  meteorites  is  broadly  similar  to  that  of  eclogitic  diamonds,  it  has 
been  suggested  that  eclogitic  diamonds  crystallised  from  sedimentary  carbon  recycled  into  the 
mantle,  down  to  the  diamond  stability  field  or  from  a  primordial  and  heterogeneous  mantle 
carbon  (e.g  Deines  et  al.,  1993).  These  hypotheses  consider  that  the  variations  recorded  in 
diamonds  mostly  reflect  source  effects.  These  neglect  the  fact  that  stable  isotopes  fractionate 
during  geological  processes.  Carbon  isotope  fractionation  is  important  even  at  mantle 
temperatures  and  can  be  enhanced  by  distillation  effects  (Javoy  et  al.,  1986;  Galimov,  1991). 

C  and  N  isotopes  in  diamonds  :  previous  results 

In  order  to  constrain  the  origin  of  diamond  carbon,  we  are  now  including  the  analysis  of 
diamond  nitrogen  and  its  isotopic  composition.  Nitrogen  is  the  main  diamond  impurity, 
strongly  bonded  within  carbon  atoms.  Nitrogen  isotopes  can  bring  strong  constrains  on  the 
origin  of  diamonds,  because  sediments  are  characterised  by  positive  815N-values,  evolving 
towards  even  more  positive  815N-values  with  increasing  metamorphism  whereas  mantle 
nitrogen  is  characterised  by  negative  815N  (Javoy  et  al.,  1986;  Cartigny  et  al.,  1997,  1998a). 

This  situation  strongly  contrasts  with  that  of  carbon,  for  which  the  mixture  of  the  two 
sedimentary  endmembers  (carbonates  and  organic  matter)  can  account  for  the  whole  diamond 
S13C-range.  For  nitrogen,  there  is  a  single  sedimentary  isotopic  signature  different  of  the  mantle 
signature. 

The  813C-815N  systematic  in  octahe  dr  ally -shaped  diamonds  was  based  on  the  study  of 
unknown  paragenesis  samples  (Boyd  and  Pillinger,  1994).  Results  clearly  favoured  the 
recycling  model,  since  low  S13C  were  associated  with  mostly  positive  815N.  The  first 
systematic  study  of  eclogitic  diamonds  from  Kimberley  Pool,  South  Africa  (Cartigny  et  al., 
1998a)  gave  an  opposite  point  of  view,  most  eclogitic  diamonds,  in  particular  the  low  813C- 
diamonds  being  characterised  by  a  negative  813N.  The  subsequent  study  of  Jwaneng  eclogitic 
diamonds  (Cartigny  et  al.,  1998b),  by  giving  strictly  negative  813N-values  over  the  whole 
diamond  813C-range  clearly  supported  a  mantle-derived  origin  of  the  carbon  and  nitrogen  of 
these  diamonds.  We  pointed  out  that  it  was  possible  to  account  for  the  large  diamond  8 de¬ 
range  of  eclogitic  diamonds  and  for  a  restricted  813C-range  in  peridotitic  diamonds  by  a 
crystallisation  from  the  same  fluids,  the  evolution  of  these  mantle  fluids  being  different  in  an 
eclogitic  and  peridotitic  environments.  In  an  eclogite,  it  is  actually  possible  that  CO2  loss 
(enriched  in  *3C)  leaves  a  13C  depleted  residue  from  which  eclogitic  diamonds  can 
subsequently  crystallise  (Luth,  1993;  Cartigny  et  al.,  1998b).  Because  this  reaction  cannot 


occur  in  a  peridotite  over  the  temperature-pressure  range  from  which  most  diamonds  derived, 
peridotitic  diamonds  are  likely  to  show  rather  constant  8 13C- values. 

Thus,  to  date,  eclogitic  diamonds  seem  to  be  characterised  by  negative  515N-values  and 
contrary  to  the  suggestion  of  Boyd  and  Pillinger  (1994),  no  mineralogically  identified  eclogitic 
diamonds  with  low  S13C  and  high  815N-values  have  been  reported. 

The  present  study,  where  we  compare  new  data  obtained  on  eclogitic  diamonds  from  Orapa, 
data  on  other  eclogitic  diamonds  and  data  on  metamorphic  microdiamonds  (analysed  in 
collaboration  with  an  other  group  (see  DeCorte  et  al. ,  this  volume))  shows  that  the  presence  of 
some  eclogitic  diamonds  with  high  815N  (up  to  7%o)  and  low  813C  (down  to  -22 %c)  is,  again, 
unlikely  to  characterise  a  direct  formation  from  recycled  organic  material.,  and  also  shows  that 
kimberlitic  macrodiamonds  are  unlikely  to  derive  from  a  virtual  metasedimentary  source  typified 
by  metamorphic  microdiamonds. 

Methods  and  results 

Over  the  sample  set  from  Orapa  analysed  by  Deines  et  al.  (1993),  15  eclogitic,  6  peridotitic  and 
6  websteritic  new  diamond  chips  were  specifically  selected  for  813C,  815N  and  nitrogen  content 
determinations,  on  the  basis  of  the  513C-values  measured  previously.  Samples  were  analysed 
using  the  procedure  described  by  Boyd  et  al  (1995).  Eclogitic  diamonds  have  813C  varing 
from  -18.31  to  -3.39%c  and  a  range,  of  course,  similar  to  that  defined  by  Deines  et  al.  (1993). 
515N  range  from  -11.4%c  up  to  +6.4%c,  and  nitrogen  concentrations  from  1067  to  24  ppm. 
Eclogitic  diamonds  define  a  linear  trend  from  513C  ~  -5 %c,  negative  815N  (-12  to  -5 %c)  and 
high  nitrogen  concentrations  towards  more  negative  513C,  down  to  -22%c,  positive  515N,  up  to 
+7%o  and  lower  nitrogen  concentrations  down  to  0  ppm. 

The  6  peridotitic  diamonds  we  analysed  have  513C-values  ranging  from  -19.92  to  -5.51  %c, 
815N  from  +19.6  to  +2.5%c  and  N  contents  from  41 1  to  25  ppm.  6  websteritic  diamonds  have 
513C  from  -19.03  to  -7.27%c,  S15N  from  -12.8  to  +15.6%c  and  N  contents  from  548  to  24 
ppm.  Over  the  sample  set,  S15N  and  513C,  815N  and  N,  S13C  and  N  seem  to  vary 
independantly  in  both  peridotitic  and  websteritic  diamonds. 

Discussion 

For  the  first  time,  a  single  mine  provide  diamonds  showing  a  continuity  from  a  “mantle 
signature”  (high  813C-negative  815N)  towords  the  field  of  low  S13C  diamonds  (low  S13C- 
positive  S15N  and  thus  with  a  “recycled”  signature),  allowing  the  origin  of  eclogitic  diamonds 
with  low  813C-values  to  be  adressed  on  the  basis  of  813C-8**N-N  variations. 

The  513C-515N  covariations  are  unlikely  to  characterise  mixing  relationships.  For  this,  we 
expect  mixing  hyperbolic  curve  in  a  513C-815N  diagram  and  not  the  linear  trend  observed.  The 
only  way  to  observe  such  a  linear  trend  would  consist  in  mixing  two  endmembers  with  nearly 
identical  C/N  ratios  (the  mantle  ratio  is  between  200  and  500).  This  is  not  the  case,  the  ratio 
varying  from  1000  to  infinity.  Ironically,  the  peridotitic  and  websteritic  diamonds  would  be  less 
incompatible  with  the  "recycling"  model. 

In  contrast,  the  linear  trend  defined  by  eclogitic  diamond  can  be  reconciled  by  considering  a 
high  temperature  fractionation  process.  Following  a  Rayleigh  distillation  process,  the  equations 
governing  the  evolution  of  carbon  and  nitrogen  isotopic  compositions  can  be  written  as  : 
(813N  -  815N0)/(813C  -  513C0)  =  An/Ac-(Kn  -  Kc).  (with  A  =  5iost  ■  ^growth  medium  and  K  = 
Clost/C§rowth  medium^  partition  coefficient  between  the  fraction  extracted  from  the  growth 
medium,  either  precipitated  as  a  solid  or  lost  in  a  more  volatile  rich  fraction).  In  a  813C-815N 
diagram,  the  evolution  of  mantle  fluids  defines  a  linear  trend.  During  the  differentiation  of  the 
mantle  fluids,  the  growth  medium  is  depleted  in  nitrogen,  diamonds  have  thus  lower  N  with 
decreasing  513C-values. 
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A  further  argument  to  support  this  view  can  be  proposed  by  comparing  813C-815N-N  contents 
of  (macro)diamonds  from  kimberlites  and  metamorphic  (micro )diamonds  from  Kokchetav  (see 
Sobolev  and  Shatsky,  1990).  The  origin  of  the  carbon  in  microdiamonds  is  not  yet  fulfilled  and 
the  aim  of  the  S13C-S15N  study  is  to  constrain  its  origin.  Let  us  assuming  for  the  purpose  of 
this  study,  that  metamorphic  microdiamonds  do  trace  a  recycled  component.  Metamorphic 
microdiamonds  have  moderately  low  813C-values  (from  -10  down  to  -15%c)  and  generally 
positive  815N-values  (up  to  +10 %c)  with  high  N  (from  800  to  3500  ppm).  As  a  first 
approximation,  metamorphic  microdiamonds  and  macrodiamonds  from  Orapa  are  nearly 
identical  from  a  813C-813N  and  it  could  be  suggested  they  derived  from  a  single  source  (i.e 
recycled  metasediments).  However,  the  trend  from  high  N  (about  1000  ppm)  towards  lower  N 
(down  to  0  ppm)  with  decreasing  813C  and  increasing  S15N-values  of  macrodiamonds  is 
incompatible  with  the  observation  that  the  positive  S13N-values  of  metamorphic  diamonds 
corresponds  to  very  high  (up  to  3500  ppm)  and  not  very  low  nitrogen  concentrations. 
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Introduction 

Traditionally,  Venezuelan  alluvial  diamonds  were  thought  to  have  been  derived  from  the 
Proterozoic  Roraima  formation,  which  forms  a  series  of  table  mountains  across  the  southern  part  of 
Venezuela  (Reid,  1974).  The  discovery  of  a  diamondiferous  ultramafic  rock  in  the  Guaniamo  alluvial 
diamond  field  in  1982  by  J.  Drew,  R.  Cooper,  and  R.  Baxter  -  Brown  cast  doubt  on  this  theory,  at 
least  for  the  Guaniamo  region.  Guaniamo  Mining  Company,  in  the  course  of  its  exploration  for 
kimberlite  pipes  in  the  Guaniamo  region,  has  acquired  a  significant  body  of  knowledge  on  the 
diamondiferous  rocks  of  Guaniamo,  including  their  style  of  occurrence,  their  petrographic  and 
geochemical  characteristics,  their  identity,  and  their  geological  age. 

The  diamondiferous  rocks  of  Guaniamo  are  kimberlites  which  occur  as  sills  and  dykes.  Their 
age  is  710  Ma  and  they  are  highly  diamondiferous. 

Geological  setting 

Guaniamo  is  located  in  the  north  -  western  part  of  the  Guyana  shield  in  an  area  of 
predominantly  granitic  basement  with  metamorphic  ages  of  ~1.8  Ga.  The  region  forms  part  of  the 
Cuchivero  -  Suapure  block  (Mendoza,  1972)  which  extends  west  to  the  Orinoco  river  and  the 
frontier  with  Colombia,  and  east  to  the  Caura  river. 

Within  the  Guaniamo  zone  itself,  the  zone  of  known  kimberlite  occurrence  occurs  within  NW 
-  trending  foliated  granites  and  granodiorites  with  ages  of  ~1.8  Ga.  Rhyolites  and  associated  felsic 
tuffs  have  similar  ages.  An  extensive  suite  of  massive  gabbro  dykes  and  plugs  was  intruded  at  -1.6 
Ga  (Gibbs  and  Barron,  1993).  The  southern  part  of  the  Guaniamo  region  is  occupied  by  younger, 
massive  granites  with  an  age  of  1.425  Ga  (U-Pb  zircon  age).  Generally  shallow  dipping  sediments  of 
the  Roraima  formation  unconformably  overlie  the  basement  rocks,  with  the  closest  Roraima 
outcrops  lying  -30  km  south  of  the  Guaniamo  region  (e.g.,  Cerro  Yavi).  Biotite  -  rich  lamprophyre 
dykes,  dated  at  -850  Ma  (Nixon  et  al.,  1992),  occur  in  kimberlite  workings  and  are  clearly  cross  - 
cut  by  kimberlite.  Kimberlite  emplacement  at  710  Ma  is  the  youngest  intrusive  event  which  has  been 
observed  so  far  in  the  Guaniamo  region.  Occasional  diabase  dykes  have  been  observed  but  these  are 
of  unknown  age. 

Style  of  occurrence 

Kimberlite  has  now  been  exposed  at  different  times  at  -30  sites  in  an  area  -10  km  long  and  5 
km  wide.  At  these  sites  weathered  kimberlite  occurs  as  low  to  moderate  dip  sills  and  dykes  which 
range  in  thickness  from  a  few  cm  to  3  m.  Strike  directions  are  principally  north  -  west  with  a 
subsidiary  north  -  east  direction.  Dips  are  almost  always  to  the  east  or  south  -  east  apart  from  local 
fluctuations  in  orientation  and  range  from  sub  -  horizontal  to  -50°.  Through  mapping  of  kimberlite 
localities  and  detailed  positioning  using  GPS,  it  has  become  clear  that  the  numerous  kimberlite 
workings  represent  exposures  of  the  up  -  dip  portions  of  a  large  system  of  at  least  nine  kimberlite 
sills. 


Weathering  characteristics  and  textures  of  Guaniamo  kimberlites 

Outcropping  kimberlite.  Natural  kimberlite  outcrops  are  rare,  occurring  only  where 
lateritisation  has  occurred.  Lateritised  kimberlite  occurs  where  low  dipping  sills  have  been  exposed 
over  granitic  pavements  and  forms  a  hard,  nodular  reddish  -  brown  rock. 

Kimberlite  in  the  upper  and  mottled  soil  layers.  Down  dip  from  lateritised  kimberlite  there 
occurs  a  nodular  soil  where  nodules  and  fragments  of  hard  laterite  are  contained  in  a  red  -  brown 
soil.  Other,  unlateritised,  kimberlites  form  a  dark  red,  massive,  featureless  soil  which,  taken  in 
isolation,  is  difficult  to  recognise  as  kimberlite. 

Kimberlite  in  the  saprolite  layer.  In  the  saprolite  layer  the  kimberlite  shows  full  textural 
preservation.  It  is  mostly  clay  -  dominated  but  occasionally  there  are  very  hard,  siliceous  layers 
caused  by  low  temperature  silicification.  Textures  are  perfectly  preserved  within  the  silicified  layers. 
The  following  textural  varieties  of  kimberlite  may  be  distinguished: 

(i)  xenolith  -  rich.  Xenoliths  are  from  local  rock  types  and  of  variable  size  and  shape. 
In  some  cases  the  xenoliths  form  patterns,  with  long,  linear  xenoliths  oriented  parallel  to  the  wall 
rock  contact,  separating  zones  of  rounded  xenoliths.  Xenoliths  often  have  alteration  rims  which 
weather  to  different  colours.  In  some  places  the  kimberlite  may  split  to  enclose  metre  -  scale  pieces 
of  wall  rock. 

(ii)  massive,  fine  grained.  The  kimberlite  forms  a  clay  which  may  be  one  of  many 
colours  including  red,  black,  grey,  green,  yellow,  brown,  blue,  and  white.  Clay  pseudomorphed 
olivine  phenocrysts  and  xenocrysts  may  be  observed  and  also  occasional  phlogopite  crystals. 

(iii)  coarsely  macrocrystic.  Coarse  olivine  xenocrysts,  now  pseudomorphed  by  clay 
minerals,  are  abundant  and  most  kimberlite  exposures  have  zones  or  layers  where  this  texture  is  well 
developed. 

(iv)  magma  pressed,  olivine  -  rich.  Coarse  olivine  xencrysts  are  very  abundant  and  are 
preferentially  aligned  with  their  long  axes  perpendicular  to  the  intrusion  margin. 

Structural  characteristics  of  kimberlite  sills 

The  kimberlite  sills  show  no  evidence  for  penetrative  deformation.  Field  evidence  suggests 
that  the  kimberlite  sills  were  emplaced  along  existing  structures,  both  of  north  -  west  and  north  -  east 
orientations.  Strong  variations  in  kimberlite  orientation  occur  at  the  intersections  of  these  structures. 

Petrography  and  Mineralogy 

Thin  section  studies  have  revealed  numerous  textural  features  of  the  kimberlite,  including 
both  primary  and  alteration  characteristics: 

Coarse,  porphyritic  kimberlite.  First  generation  olivine  xenocrysts  form  up  to  60  %  of  the 
rock.  Second  generation  olivine  is  usually  finer  grained  and  forms  about  10  %  of  the  rock. 
Occasional  coarse  grained  phlogopite  laths  may  be  present.  Kelyphitic  rims  are  common  and  may 
still  have  remnants  of  pyropes  at  their  cores.  The  groundmass  consists  principally  of  phlogopite,  with 
carbonate,  serpentine,  and  opaques. 

Aphyric  kimberlite.  This  consists  of  a  fine  grained  aggregate  of  phlogopite,  carbonate,  and 
opaques. 

Alteration:  serpentinisation  and  carbonatisation.  Commonly  olivine  of  both  generations  is 
replaced  by  scaly  serpentine  and  microcrystalline  carbonate. 

Alteration:  silicification.  Complete  replacement  of  kimberlite  by  microcrystalline  silica  is 
common  and  may  be  observed  at  most  field  localities.  In  addition,  thin  veinlets  of  opaline  silica  may 
be  developed.  In  some  samples  the  relict  mesh  texture  of  serpentinised  olivine  is  preserved  in  totally 
silicifed  grains,  showing  that  silicification  is  later  than  serpentinisation  and  carbonatisation. 
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Alteration:  lateritisation.  Lateritised  kimberlite  is  brick  red  in  colour  and  is  characterised  by 
flattened  amoeboid  channels,  apparently  linked  in  three  dimensions.  Electron  microprobe  analysis  of 
relict  spinels  showed  that  they  are  compositionally  identical  to  groundmass  spinels  from  fresh 
kimberlite  in  Guaniamo,  and  to  many  other  kimberlites. 

Summary  of  Mineralogy.  Kimberlitic  high  pressure  minerals  which  have  been  identified 
include:  olivine,  pyrope,  chrome  diopside,  chrome  spinel,  and  phlogopite.  Primary,  magmatic 
minerals  from  the  groundmass  include:  magnetite.  Mg  -  rich  titanomagnetite,  and  phlogopite. 
Minerals  related  to  hydrothermal  and  hypogene  alteration  include:  Fe  hydroxides,  carbonate,  quartz, 
saponite,  and  serpentine. 

Geochemistry 

Nine  samples  of  un weathered  kimberlite  drill  core  were  analysed  for  major  and  trace 
elements.  Contaminated  samples  are  identified  by  relatively  high  Si02  and  low  MgO  contents 
probably  representing  a  combination  of  the  effects  of  granodiorite  xenolith  incorporation  and 
alteration  such  as  silicification.  For  comparison  of  the  data  for  Guaniamo  kimberlites  with  world 
averages  and  various  compositional  fields  for  different  types  of  kimberlites,  reference  has  been  made 
to  Mitchell  (1986)  and  Taylor  et  al.  (1994).  The  uncontaminated  kimberlite  samples  have  low  Si02 
contents  (<  37  wt%),  very  low  A1203  values  (<  5.2  wt%),  and  very  low  Na20  values  (<  0.5  wt%; 
one  sample  had  1.39  wt%).  The  other  oxides  have  values  within  the  accepted  range  for  kimberlites 
and  the  Na20/K20  ratios  are  less  than  or  equal  to  0.50. 

Values  for  Cr,  Co,  Ni,  V,  Cu,  and  Zn  for  Guaniamo  kimberlites  are  within  the  ranges  of 
values  for  kimberlites  in  general.  Additional  analytical  work  is  in  progress. 
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The  Botuobinskaya  and  Nurbinskaya  kimberlite  pipes  recently  discovered  whithin  the  Nakyn 
kimberlite  field  at  the  centre  of  the  Vilyui-Markha  tectonic  zone  by  geologists  of  the  Botuobinskaya 
expedition  were  dated  at  the  Middle  Paleozoic  based  on  geological  evidence  (sedimentary  rock 
xenoliths  with  fauna  SI)  and  Rb/sr  age  determinations.  The  country  rocks  are  terrigeneous- 
carbonate  rocks  of  Early  Paleozoic  age.  The  pipes  are  overlain  by  terrigeneous  rocks  of  Early 
Jurassic  age. 

The  two  pipes  are  close  in  the  rock  composition  and  diamond  content.  They  are  thought  to  be 
unique,  transcending,  in  many  ways,  all  previously  discovered  deposits  within  the  Yakutian 
diamondiferous  province.  The  pipes  are  highly  productive  and  the  diamonds  extracted  from  them 
are  of  outstanding  quality.  The  rocks  of  the  pipes  are  characterized  by  peculiar  petrographic, 
mineralogical  and  petrochemical  composition.  The  indicator  minerals  are  specific  too.  The 
emplacement  of  the  pipes  occurred  in  two  phases:  sub  volcanic  and  volcanic.  The  former  is 
represented  by  north-east  trending  dykes  of  porphyritic  kimberlite  (PK),  the  latter  -  by  autolithic 
kimberlite  breccias  (AKB)  and  kimberlite  tuff  breccias  (KTB  of  Botuobinskya  pipe),  making  up  the 
diatreme  and  crater  zones  of  the  kimberlite  bodies,  respectively.  The  Botuobinskaya  pipe  has  all  the 
three  zones  typical  of  a  kimberlite  body,  i.e.  a  dyke,  a  diatreme  and  a  crater.  The  Nyurbinskaya  pipe 
was  eroded  at  the  diatreme  level  and  is  almost  entirely  comprised  of  AKBs.  PKs  occur  only  as  thin 
dykes  in  the  southwest  part  of  the  pipe  and  as  numerous  small  fragments  (up  to  10  cm)  and  rare 
large  blocks  (10-15  m)  in  the  northeast  flank. 

A  typomorphic  feature  of  PKs  in  both  pipes  is  an  extremely  high  content  (up  to  5%)  of 
metamorphic  rock  xenoliths:  gneiss,  schist  and  lesser  granulite.  PKs  have  a  coarsely  porphyritic 
texture.  Olivine  occurs  in  two  generations:  mantle-derived  xenocrysts  and  euhedrai  olivine,  both 
entirely  replaced  by  secondary  minerals  such  as  serpentine,  chlorite  and  calcite.  The  latter 
dominates  in  the  endocontact  zones.  At  deep  levels  (greater  than  140  m)  the  groundmass  is 
dominated  by  serpentine  (40-45%)  and  fine  calcite  (15-20%).  The  amounts  of  finely-dispersed  ore 
impregnation  and  perovskite  are  extremely  low:  0,4%  and  0,2%,  respectively.  At  the  upper  levels, 
the  phlogopite  is  entirely  replaced  by  chlorite. 

AKBs  of  both  pipes  have  a  distinct  autolithic  structure.  An  autolith  has  a  core  and  a  zonal  rim  with 
tiny  (less  then  0,1  mm)  constituents  of  kimberlites  (minerals,  xenoliths)  arranged  in  orbits.  A 
typomorphic  feature  of  AKBs  in  the  Nyurbinskaya  pipe  is  a  high  percentage  of  metamorphic  rock 
xenoliths  (up  to  8  %  )  similar  to  those  from  PKs.  AKBs  of  the  Botuobinskaya  pipe  are  dominated 
by  sidementary  rock  xenoliths.  Olivines  of  two  generations  are  entirely  replaced  by  serpentine, 
chlorite  and  calcite.  The  latter  prevails  in  the  upper  zones  of  the  pipes.  The  amount  of 
pseudomorphs  after  olivine  of  the  first  generation  is  extremely  high  (up  to  23-25%),  the  highest 
among  the  recognized  varieties  of  kimberlite. 

In  the  upper  zones  of  the  pipes,  the  cementing  medium  of  AKBs  is  fine-grained  with  prevailing 
calcite,  chlorite  and  clay  minerals.  At  lower  levels,  the  content  of  serpentine  increases  and  lath-like 
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phlogopite  appears.  The  amounts  of  ore  minerals  and  perovskite  are  extremaly  low  (less  than  in  the 
PKs). 

KTBs  fill  in  the  crater  of  the  Botuobinskaya  pipe.  The  crater  has  a  shape  of  a  rootless  trough-like 
body  about  200  m  thick.  The  source  rocks  of  KTBs  are  AKBs  enriched  in  clastic  material  (70-80%) 
derived  from  the  host  rocks.  The  hybrid  cement  of  KTBs  contains  a  significant  admixture  of 
carbonaceous,  clay  and  terrigeneous  material  due  to  desintegration  of  sedimentary  rock  xenoliths. 
The  kimberlite  minerial  is  represented  by  rare  autiloths  and  their  relics  as  well  as  by  pseudomorphs 
after  olivine  of  both  generations  and  their  fragments. 

All  the  recognized  varieties  of  kimberlite  rocks  from  the  two  pipes  are  characterized  by 
anomalously  low  weight  contents  of  the  whole  of  heavy  fraction  (1.92  kg/t  to  6.82  kg/t)  and  of 
indicator  minerals:  pyrope  (0.27  kg/t  in  KTBs  to  0.45  kg/t  in  AKB)  and  chrome-spinellide  (0.06 
kg/t  in  AKB  to  0.16  kg/t  in  PKs).  Picroilmenite  is  absent.  Ore  minerals  are  low  in  content  (0.05  kg/t 
to  0.59  kg/t).  Zircon  and  rutile  released  from  the  crystalline  basement  xenoliths  amount  to  0.05  kg/t 
and  0.07  kg/t,  respectively. 

Microprobe  analysis  revealed  a  relatively  low  content  of  pyrops  of  the  diamond  assosiation  in  all 
the  above  mentioned  kimberlite  varieties,  ranging  from  4.0%  in  PKs  and  AKBs  of  the 
Nyurbinskaya  pipe  to  8%  in  AKBs  of  the  Botuobinskaya  pipe.  The  pyrope  belonging  to  the 
lherzolite  paragenesis  prevails.  From  optical-spectroscopic  studies,  the  content  of  orange-red  pyrops 
from  diamondiferrous  magnesian-ferruginous  eclogites  is  estimated  at  14%.  On  the  diagram  of 
Ca0-Cr203,  composition  points  of  these  rocks  fall  into  the  feld  of  the  lherzolite  paragenesis.  The 
amount  of  chrome-spinellide  of  the  diamond  association  is  very  high  (up  to  25-30%). 

In  terms  of  chemical  composition,  all  the  recognized  varieties  refer  to  high-K  (average  K20  from 
0.88  to  1.71  wt.%),  low  Ti02  (Ti02  from  0.33  to  0.73  wt.  %)  ,  low  -Fe  (Fe203  from  4.60  to  7.19 
wt.%)  kimberlite  rocks.  PKs  are  higher  in  Si02,  Ti02,  Fe203,  MgO  and  P205  and  lower  in  CaO  and 
K20  relative  to  the  other  kimberlite  varieties.  Regularity  in  the  distribution  of  oxides  in  the 
recognized  varieties  is,  in  general,  similar  to  that  characteristic  of  well-known  kimberlite  pipes 
within  the  Yakutian  diamondiferous  province. 

The  Botuobinskaya  and  Nyurbinskaya  pipes  are  distinguished  by  pecuilar  typomorphic  features  of 
diamonds.  In  accordance  with  morphological  classification  of  Ju.L.  Orlov  (1973),  any  diamond 
sample  from  both  pipes  contains  94-96  %  Group  I  diamonds.  Diamonds  of  Group  II  do  not  exceed 
0,5%  and  those  of  Group  VIII  are  no  more  than  1%.  More  common  (4-5%)  are  diamond  crystals  of 
Group  IV  ("coated  diamonds")  with  a  yellow  green  coating  and  characteristic  faces.  A  typical 
feature  of  Group  I  diamonds  is  the  presence  of  significant  amounts  of  crystals  of  pseudocubic  habit 
and  pseudorhombododecahedra  (combinative  polyhedra  of  the  octahedron-rhombododecahedron  - 
cube  series),  but  the  most  common  are  diamonds  of  the  transition  habit  and  laminar 
rhombododecahedra.  Group  II  diamonds  are  represented  by  milk-white  and  grey  cuboids.  A  high 
proportion  of  diamond  crystals  from  both  pipes  show  pink-lilac  and  blue  photoluminescence  in  UV- 
light.  Solid  inclusions  in  diamonds  are  represented  by  syngenetic  and  epigenetic  minerals.  The 
former  include  chromite,  olivine  and  crimson  pyrop.  Most  common  among  the  epigenetic  minerals 
are  graphite  and  sulfide  and  their  combinations.  Insignificant  amounts  of  diamonds  with  green 
pigment  are  also  present. 

In  terms  of  composition  and  initial  Sr87/Sr86  ratio,  the  rocks  of  both  pipes  belong  to  Group  2 
kimberlites.  It  is  for  the  first  time  that  kimberlites  of  this  group  have  been  reported  from  the 
Yakutian  diamondiferous  province. 
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In  recent  years  the  Re-Os  isotopic  system  has  been  applied  to  dating  melt  extraction  events  in 
peridotites  with  great  success  owing  to  the  fact  that  Re  is  a  moderately  incompatible  element 
(behaving  like  Yb  or  Al)  during  mantle  melting  (McDonough,  1994),  whereas  Os  is  strongly 
compatible  (bulk  D  of  20  to  >200,  Hart  and  Ravizza,  1996).  Melting  thus  dramatically  lowers  the 
Re/Os  ratio  of  residual  peridotites  and  slows  the  Os  isotopic  evolution  from  the  time  of  melting. 
Estimates  of  the  time  of  the  melting  can  be  determined  in  several  ways:  1)  from  Re-Os  isochrons,  2) 
from  Re-Os  model  ages  (Tma)  --  the  intersection  of  the  rock’s  Os  isotopic  evolution  with  the  Os 
evolution  of  primitive  mantle,  based  on  measured  187Re/1880s  and  18'0s/1880s  of  the  sample 
(analogous  to  Nd  model  ages),  or  3)  from  Re-depletion  model  ages  (Trd);  this  method  assumes 
there  is  no  intrinsic  Re  in  the  peridotite  and  the  measured  1870sA880s  is  compared  to  the  mantle 
evolution  to  determine  the  age  (this  age  represents  the  minimum  age  of  melt  depletion).  In  practice, 
true  Re-Os  isochrons  are  rare,  owing  to  the  relative  mobility  of  Re  during  surface  weathering  and,  in 
the  case  of  xenoliths,  addition  of  Re  during  host-rock  reactions.  However,  other  less  mobile 
elements  such  as  Al  or  the  HREE  can  be  used  as  proxies  for  Re  contents,  and  thus  linear  correlations 
between  these  elements  and  1870s/1880s  have  been  used  to  estimate  the  initial  1870s/1880s  ratio, 
hence  time  of  melt  extraction,  for  massif  peridotites  (Reisberg  and  Lorand,  1995).  As  melt 
extraction  is  generally  linked  to  the  timing  of  lithospheric  growth,  these  ages  are  used  to  date 
lithosphere  formation,  which  for  cratonic  xenolith  suites  generally  corresponds  very  well  to  the  age 
of  the  overlying  crust  (e.g.,  Pearson  et  al.,  1995). 

We  have  applied  the  Re-Os  technique  to  peridotite  xenoliths  from  the  Labait  tuff  cone,  a  rift-related 
Pleistocene  olivine  melilitite  that  erupted  near  the  Archean-Proterozoic  boundary  of  the  Tanzanian 
craton  (Dawson  et  al.,  1997;  Lee  and  Rudnick,  1998;  Rudnick  et  al.,  1998).  The  Tanzanian  craton 
contains  greenstone  successions  and  late  Archean  granitoids,  the  latter  of  which  fall  into  two  age 
groups  (2.74  and  2.54  Ga),  based  on  Rb-Sr  whole  rock  analyses  of  18  plutons  (Bell  and  Dodson, 
1980).  The  age  of  the  greenstones  is  largely  unknown.  The  Archean  craton  is  surrounded  by 
Proterozoic  mobile  belts;  directly  to  the  east  of  Labait  lie  rocks  of  the  2.1  Ga  Usagaran  belt,  which 
were  metamorphosed  during  pan-African  (700  Ma)  collision.  Rifting  developed  in  the  Cenozoic, 
with  the  eastern  arm  of  the  rift  propagating  southwards  from  Kenya  in  the  Neogene  (Dawson, 
1992).  Geophysically,  the  Tanzanian  craton  is  characterized  by  high  elevation,  a  negative  Bouger 
gravity  anomaly  (Ebinger  et  al.,  1997)  and  low  heat  flow  (Nyblade  et  al.,  1990).  Results  from  a 
recent  broad-band  seismic  experiment  show  that  the  Tanzanian  mantle  root  is  largely  intact  beneath 
the  craton,  that  the  uplift  and  negative  gravity  anomaly  are  due  to  hot,  low  density  material  beneath 
the  cratonic  root  and  that  erosion  and/or  heating  of  this  ancient  root  is  confined  to  the  vicinity  of  the 
rift  (Ritsema  et  al.,  1998).  Our  xenolith  studies  at  Labait  provide  first-hand  observations  on  how 
rifting  is  affecting  this  cratonic  root. 

Samples 

Peridotites  found  at  Labait  span  a  wide  range  of  compositions  and  mineralogies  (see  Lee  and 
Rudnick,  1998):  spinel  facies  harzburgites  and  lherzolites,  chromite-bearing  harzburgites,  garnet 
harzburgites  and  lherzolites  as  well  as  Fe-rich  dunites,  pyroxenites  and  glimmerites.  We  have 
concentrated  our  initial  efforts  on  the  refractor/’  peridotites  in  order  to  investigate  the  timing  of 
lithosphere  formation. 

P-T  estimates  for  the  garnet  peridotites  fall  in  a  scattered  field  near  a  geotherm  of  ~50  mW/m2 
(Dawson  et  al.,  1997;  Lee  and  Rudnick,  1998).  There  is  an  overall  correlation  between  bulk 
composition  and  depth,  with  more  fertile  peridotites  occurring  at  deeper  levels  (Lee  and  Rudnick, 
1998).  Trace  element  compositions  show  LILE  enrichments,  similar  to  cratonic  mantle  xenoliths 
elsewhere.  Metasomatic  overprinting  by  carbonatites  and  Fe-rich  silicate  melts  is  inferred  from 


petrography  and  trace  element  compositions.  At  least  one  stage  of  this  metasomatism  is  rift- 
related,  based  on  U-Pb  dating  of  Pleistocene  metasomatic  zircons  (Rudnick  et  al.,  1998).  Re-Os 
measurements  were  performed  on  1  spinel  facies  harzburgite,  1  gt  harzburgite,  5  gt  lherzolites,  5  gt- 
ffee,  chromite-bearing  harzburgites,  one  Cr-diopsidite  and  one  glimmerite.  In  addition,  the  Os 
isotopic  compositions  of  chromite  separates  and  their  abraded  rims  were  also  determined  in  order  to 
estimate  the  initial  1870s/1880s  of  the  peridotites. 


Results 

Bulk  rock  Os  concentrations  range  from  a  low  of  0.42  ppb  in  the  glimmerite  to  a  high  of  4.8  ppb  in  a 
gt-free  harzburgite,  showing  a  general  correlation  with  fertility:  harzburgites  have  the  highest 
concentrations,  lherzolites  have  intermediate  concentrations,  and  the  metasomatic  rocks  (glimmerite 
and  pyroxenite)  have  the  lowest  Os  concentrations.  Os  contents  do  not  correlate  with  the  amount 
of  sulfides  optically  visible  in  the  samples  (consistent  with  the  observations  of  Reisberg  and 
Lorand,  1995).  Re  concentrations  range  from  a  low  of  0.036  ppb  in  the  glimmerite  to  a  high  of 
0.404  ppb  in  a  garnet  lherzolite.  Re  contents  do  not  correlate  well  with  fertility  and  a  187Re/1880s 
vs.  l87Os/1880s  isochron  plot  shows  only  a  very  poor  correlation  (Fig.  1).  Moreover,  Tma  model 
ages  range  from  16.7  Ga  to  future  ages.  Collectively,  these  observations  point  to  recent  Re 
mobility.  It  is  noteworthy  that  the  garnet  lherzolite  for  which  we  have  petrographic  and  chemical 
evidence  of  overprinting  (LB-34,  as  described  in  Lee  and  Rudnick  (1998))  has  the  highest  Re 
concentration  and  the  highest  Re/Os  ratio.  This  suggests  that  Re  addition  occurred  in  some  samples 
immediately  before  their  entrainment  in  the  host  melilitite  and  was  associated  with  Fe-enrichment, 
but  not  refertilization  (i.e.,  Ca  and  Al  are  not  enriched  in  these  samples). 


Figure  1 :  Re-Os  isochron  diagram  showing  effects  of 
Re  addition.  Sample  LB-34  shows  two  generations  of 
olivine  indicative  of  recent  Fe-enrichment  (Lee  and 
Rudnick,  1998).  Symbols:  squares  =  gt  bearing 
peridotites,  open  circles  =  gt-free  peridotites,  closed 
circles  =  glimmerite  and  pyrozenite. 


Trd  model  ages  range  from  0.33  Ga  in  a  garnet  lherzolite  to  2.80  Ga  in  a  harzburgite,  demonstrating 
that  Archean-aged  lithosphere  is  preserved  beneath  Labait.  The  two  cumulate  xenoliths  have 
radiogenic  1870s/1880s  and  give  future  Trd  ages.  1870s/1880s  increases  with  depth  (using  T  as  a 
proxy  for  depth)  and  correlates  well  with  fertility  (Fig.  2).  Trends  similar  to  these  are  often 
interpreted  as  melt  depletion  trends  (Reisberg  and  Lorand,  1995),  which  can  be  used  to  infer  the  age 
of  melting  from  the  initial  ratios.  The  intercepts  of  the  AI2O3  and  CaO  vs.  187Os/188Os  plots  give 
1870s/1880s  =  0.105  (or  3.4  Ga)  and  0.1079  (or  2.8  Ga),  respectively.  However,  neither  of  these 
trends  pass  through  the  primitive  upper  mantle  composition  (PUM),  a  condition  that  must  be  met 
if  they  truly  reflect  melt  depletion.  Thus  these  ages  cannot  be  used  as  reliable  indicators  of  the 
timing  of  lithosphere  formation. 

The  best  estimate  for  the  age  of  the  Tanzanian  lithosphere  is  obtained  from  the  1870s/1880s  of  the 
abraded  chromite  separates.  These  range  from  0.1076  to  0.1 183,  corresponding  to  Trd  ages  of  2.9 
to  1.3  Ga.  Petrographic  evidence  of  overgrowths  on  the  chromites  indicates  that  these  should  be 
considered  minimum  ages,  since  it  is  not  certain  whether  all  of  the  overgrowths  were  abraded  away. 
We  adopt  a  combination  of  the  oldest  chromite  and  whole  rock  Trd  ages  to  reflect  formation  of  the 
Tanzanian  lithosphere  between  2.9  and  2.5  Ga.  A  regressed  line  between  the  garnet-free  peridotites 
and  PUM  on  Fig.  2  yields  an  intercept  compatible  with  these  age  estimates.  However,  the  gt- 
bearing  peridotites  plot  well  above  these  lines.  There  are  three  possible  interpretations  of  this:  1) 
The  garnet  peridotites  are  distinctly  younger  than  the  gt-free  peridotites  (a  line  drawn  between 
PUM  and  these  scattered  points  yields  an  age  of  ~1  Ga),  suggesting  a  secular  increase  in  depth  of 
the  lithosphere  through  time,  2)  all  the  peridotites  formed  at  approximately  the  same  time  but  the 


deeper,  gt-bearing  samples  experienced  Re  enrichment  sometime  after  their  formation,  but  well 
before  their  entrainment  in  the  host  basalt,  and/or  3)  the  deep-seated  peridotites  experienced  recent 
addition  of  radiogenic  Os.  We  favor  the  latter  two  interpretations  since  1)  Trd  ages  of  the  gt- 
peridotites  are  scattered,  and  are  not  indicative  of  a  single  younger  melting  event,  b)  Re  is 
compatible  in  garnet  (Righter  and  Hauri,  1997),  which  might  make  them  more  susceptible  to  Re 
enrichment  from  passing  melts  compared  to  the  gt-free  samples,  c)  abundant  sulfides  in  some  garnet 
peridotites,  coupled  with  deformed  textures,  suggests  recent  metasomatic  enrichment  of  these 
samples  (including  sulfide  addition),  and  d)  the  abraded  rims  of  chromites  in  a  recently 
metasomatized  peridotite  that  has  400  ky  zircons  (Rudnick  et  al.,  1998)  are  more  radiogenic  than 
the  cores,  suggesting  incorporation  of  radiogenic  Os  during  the  metasomatism.  The  Re-Os  results 
presented  here  demonstrate  that  Archean  lithosphere  persists  to  depths  of  1 60  km  beneath  the  edge 
of  the  Tanzanian  craton. 
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Figure  2:  AI2O3  vs.  1870s/1880s  and  CaO  vs.  l870s/1880s.  Symbols  as  in  Fig.  1.  PUM  is  primitive  upper 
mantle  composition  from  Meisel  et  al.  (1996)  and  McDonough  and  Sun  (1995). 
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Nitrogen  contents  of  whole  diamonds  and  polished  diamond  plates  are  routinely  determined  by 
deconvolution  of  FTIR  (Fourier  Transform  Infra-red)  spectra  using  experimentally  determined 
absorption  coefficients.  However,  the  spatial  resolution  of  this  method  is  limited,  (an  80  pm 
aperture  is  commonly  used  for  macrodiamonds)  and  measurements  in  transmission  mode  result  in 
an  average  of  the  absorption  characteristics  through  the  thickness  of  the  sample.  Integrated  FTIR 
and  cathodoluminescence  (CL)  studies  of  diamonds  have  indicated  a  strong  correlation  between 
nitrogen  content  and  luminescence:  nitrogen  rich  zones  are  characterized  by  bright  blue 
luminescence,  whereas  Type  II  or  nitrogen  poor  zones  exhibit  dark  blue  CL. 

Complex  growth  zonation  in  diamond  plates  has  been  recognized  from  CL  photomicrographs,  and  it 
was  thought  that  a  better  understanding  of  processes  occurring  during  diamond  crystallization,  such 
as  isotopic  fractionation  and  incorporation  of  nitrogen  defects,  would  be  gained  by  quantifying 
nitrogen  zonation.  In  contrast  to  FTIR  spectroscopy,  Secondary  Ion  Mass  Spectroscopy  (SIMS)  is  a 
surface  technique  with  extremely  high  spatial  resolution,  and  thus  provides  an  excellent  means  to 
investigate  the  relationship  between  CL  features  and  fine-scale  nitrogen  variations  in  polished 
diamond  plates. 

The  nitrogen  contents  of  diamonds  from  the  George  Creek  K1  kimberlite  dyke  in  Colorado  have 
been  studied  previously  (Chinn,  1995)  using  a  Bruker  IFS45  FTIR  spectrometer  with  microscope 
attachment  and  MCT  detector  cooled  by  liquid  Nitrogen.  A  sample  aperture  of  80  pm  was  used  for 
all  analyses  and  spectra  were  acquired  from  200  scans  at  a  resolution  of  8  cm'1  over  the  range  4000 
-  650  cm'1.  Many  of  these  diamonds  consist  of  complexly  intergrown  generations  of  C02-bearing 
diamond  (with  anomalous  CL  colours  and  unusual  IR  features)  and  C02-free  diamond  (Chinn  et  ah, 
1995).  The  C02-free  diamond  exhibits  complex  growth  zonation  or  evidence  of  extreme  plastic 
deformation  which  obscures  any  primary  growth  features. 

Methods 

Quantitative  analysis  of  spectral  data  necessitated  baseline  correction  and  visual  estimation  of  the 
percentage  of  A  and  B  nitrogen  defects.  George  Creek  diamonds  show  evidence  of  A,  B  and  D 
absorption  due  to  the  presence  of  A  and  B  nitrogen  aggregates  and  platelets  respectively.  No 
diamonds  contained  C  absorption  features  indicative  of  isolated  substitutional  nitrogen  atoms 
characteristic  of  synthetic  or  metamorphic  diamonds.  The  nitrogen  aggregation  states  of  corrected 
spectra  were  determined  by  comparison  with  reference  spectra  from  synthetic  mixtures  of  pure  A 
and  B  spectral  end  members  (Mendelssohn  and  Milledge,  1995). 

Nitrogen  contents  of  seven  polished  diamond  plates,  mounted  in  indium  and  coated  with  a  -0.02 
pm  layer  of  gold,  were  measured  using  the  CAMECA  ims-4f  ion  probe  at  Edinburgh  University. 
The  primary  133Cs+  beam  was  accelerated  at  a  potential  of  +10  kV  onto  the  samples  and  the 
secondary  ions  were  accelerated  towards  the  energy  filter  and  mass  analyser  at  a  potential  of  -4.5 
kV.  Apertures  were  used  to  ensure  that  only  the  central  8  pm  of  the  sputtered  area  was  analysed. 
Nitrogen  abundance  was  calculated  by  comparison  of  12C14N'/13C'  ratios  with  a  synthetic  standard 
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(SYNA)  of  known  nitrogen  content  (230  wt  ppm  N)  determined  by  combustion.  Nitrogen  analyses 
comprised  50  measurement  pairs  of  the  I3C'  and  12C14N'  peaks  for  1  and  2  seconds  respectively.  In 
order  to  monitor  any  instrument  drift  with  time  a  few  analyses  of  the  synthetic  standard  were  made 
after  not  more  than  10  analyses  of  the  samples.  Regression  statistics  were  used  to  calculate  the 
i2C14nv,3c  ratio  of  the  standard  as  a  function  of  time  and  this  allowed  for  calculation  of  nitrogen 
abundance  in  the  plates  by  comparison  of  ratios.  Counting  and  regression  errors  were  taken  into 
account,  and  the  total  error  is  calculated  to  be  not  more  than  2  %. 

Results 

George  Creek  C02-free  diamonds  mostly  contain  low  contents  of  highly  aggregated  nitrogen  defects 
or  are  nitrogen-free  (Type  II).  The  maximum  nitrogen  content  measured  (expressed  in  wt  ppm)  is 
2467  ppm  and  replicate  spectra  from  single  stones  indicate  great  heterogeneity  in  nitrogen  content. 
Spectra  indicate  the  absence  of  lb,  IaA  or  IaB  nitrogen  defects  in  the  C02-bearing  diamond 
generation,  however  nitrogen  may  be  present  in  an  unknown  form  not  resolvable  by  the 
spectrometer. 

A  strong  correlation  between  CL  and  nitrogen  content  was  discovered  from  the  SIMS  analyses. 
C02-bearing  zones  with  anomalous  orange,  pink  or  brown  CL  are  characterized  by  low  nitrogen 
contents  of  below  40  ppm.  As  seen  in  Fig.  1,  plate  GC151,  which  consists  solely  of  C02-bearing 
diamond,  has  a  very  restricted  nitrogen  content  of  3-5  ppm.  The  C02-bearing  zones  of  GC150  and 
GC171  have  higher  nitrogen  contents  of  21-24  and  34-37  ppm  respectively.  The  C02-free  zones  of 
these  diamonds  span  wider  individual  ranges  of  0-16  and  1-22  ppm  nitrogen  respectively.  Another 
diamond,  GC030,  has  nitrogen  contents  of  14-22  ppm  in  C02-bearing  zones,  but  shows  a  much 
wider  variation  of  0-524  ppm  in  C02-free  zones,  the  high  nitrogen  contents  being  restricted  to 
narrow  growth  zones  with  bright  blue  CL. 

C02-free  diamonds  show  marked  correlation  between  nitrogen  content  and  intensity  of  CL.  Zones 
with  bright  blue  CL  are  characterized  by  nitrogen  contents  of  >  90-1107  ppm,  whereas  plastically 
deformed  zones  and  those  with  dark  blue  CL  have  lower  nitrogen  contents  of  0-90  ppm.  Sharp 
discontinuities  in  nitrogen  concentration  are  associated  with  CL  boundaries:  differences  of  up  to 
650  ppm  over  a  distance  of  less  than  25  pm  were  found  between  growth  zones. 
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Fig.  1:  Nitrogen  contents  of  selected  George  Creek  diamonds. 


Discussion 

The  considerable  variation  in  nitrogen 
content  between  growth  zones  in  C02- 
free  diamonds  suggests  significant 
changes  in  diamond  growth  conditions 
with  time.  These  fluctuations  may  be 
related  to  episodic  influx  of  fluids. 
However,  subtle  changes  in  pressure, 
temperature,  oxygen  fugacity  and  other 
poorly  understood  factors  may  have 
considerable  effect  on  the  capacity  of  the 
diamond  lattice  to  incorporate  nitrogen 
during  crystallization.  The  low  N  content 
of  C02-bearing  growth  zones  determined 
by  SIMS  analyses  confirms  previous 
FTIR  analyses,  and  precludes  the 


presence  of  nitrogen  as  N2  or  in  defect  sites  which  do  not  generate  IR  absorption  in  the  1 -phonon 
region. 

The  heterogeneity  of  nitrogen  distribution  on  the  fine  scale  revealed  by  SIMS  analyses  has 
important  implications  for  the  interpretation  of  FTIR  spectroscopy.  Most  of  the  nitrogen  is  hosted  in 
narrow  bands  which  alternate  with  growth  zones  depleted  in  nitrogen.  Estimates  of  the  nitrogen 
content  and  aggregation  state  lead  to  mantle  residence  time/temperature  values  which  assume  a 
uniform  composition  over  the  plate  thickness.  If  zones  with  highly  variable  nitrogen  content  are 
present,  these  values  will  be  in  error,  and  in  particular  a  nitrogen-rich  zone  within  nitrogen-poor 
zones  will  result  in  an  underestimate  of  nitrogen  content  for  a  given  aggregation  state,  and  hence  to 
an  overestimate  of  mantle  residence  time  or  temperature. 
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C02-bearing  diamonds  in  eclogite  xenoliths 
from  the  Sloan  2  kimberite,  Colorado. 
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Eclogite  xenoliths  from  the  Sloan  kimberlite  of  the  Colorado-Wyoming  Kimberlite  Province  have 
been  interpreted  as  the  products  of  subducted  oceanic  crust  (Ater  et  al.,  1984).  Diamondiferous 
eclogites  from  this  locality  have  been  studied  by  McCandless  and  Collins  (1989).  Several 
undescribed  graphite,  graphite-diamond  and  diamond  eclogites  from  the  Sloan  2  kimberlite  pipe 
have  been  investigated  in  terms  of  mineral  compositions  and  Infra-red  absorption  characteristics  of 
the  diamonds.  Carbon  isotope  compositions  are  currently  being  analysed  at  the  University  of  Cape 
Town. 

Differences  in  texture  and  mineral  composition  detected  between  the  different  types  of 
carbonaceous  xenoliths  are  thought  to  be  a  function  of  disparate  temperatures  and  pressures  of 
origin  in  the  diamond  and  graphite  stability  fields.  Clinopyroxene  grains  are  considerably  altered  to 
mixtures  of  secondary  pyroxene,  mica  and  carbonate,  whereas  garnet  grains  are  less  altered  except 
for  the  development  of  kelyphitic  rims  in  some  cases.  Graphite  occurs  as  rounded  lumps,  specks, 
sheet-like  aggregates  or  pseudomorphs  after  diamond  with  surface  features  characteristic  of 
xenolithic  diamonds  (e.g.  serrate  laminae)  preserved  as  relict  textures.  Diamonds  are  generally 
colourless,  except  for  three  specimens  which  show  pale  brown  discolouration.  These  diamonds 
proved  to  contain  spectral  evidence  of  high  pressure  C02  within  the  diamond  lattice. 

The  presence  of  submicroscopic  inclusions  of  C02  in  a  diamond  from  an  unknown  source  has  been 
inferred  from  IR  absorption  peaks  (Schrauder  and  Navon,  1993).  Subsequently  numerous  C02- 
bearing  diamonds  from  the  George  Creek  kimberlite  dyke  in  Colorado  have  been  studied  (Chinn, 
1995;  Chinn  et  al.,  1995).  An  eclogitic  source  for  the  C02-bearing  diamond  growth  generation  was 
proposed  (Chinn  1995),  but  the  discovery  of  C02-bearing  diamonds  in  situ  within  eclogitic  nodules 
from  a  nearby  State  Line  locality  provides  unequivocal  evidence  of  an  eclogitic  origin  for  these 
C02-bearing  diamonds. 
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Diamonds  and  inclusions  from  the  Jagersfontein  kimberlite 
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Previous  investigation  of  28  diamonds  from  the  Jagersfontein  kimberlite  (Rickard  et  al.,  1991) 
indicated  the  presence  of  polymineralic  websteritic  “micro-nodule”  inclusions  of  garnet,  clino-  and 
ortho-pyroxene.  Another  unusual  feature  of  Jagersfontein  diamonds  is  the  presence  of  majoritic 
garnets  which  are  believed  to  have  crystallized  at  extreme  pressures.  The  peridotitic  paragenesis  is 
characterized  by  olivines  with  elevated  Cr  and  Ca  contents,  and  a  single  olivine  inclusion  with  a  low 
Fo  content  of  78.8  was  designated  as  websteritic. 

Infrared  and  microprobe  studies  of  ten  Jagersfontein  diamonds  with  polished  windows  indicate  the 
presence  of  C02  and  small  inclusions  of  native  iron,  orthopyroxene,  phlogopite  and  Si02  (Beard  and 
Milledge,  1988).  Further  study  of  the  inclusions,  carbon  isotope  compositions  and  Infrared 
absorption  characteristics  of  70  unpolished  diamonds  from  Jagersfontein  was  undertaken  in  order  to 
obtain  a  better  understanding  of  asthenospheric  diamond  growth  regions  and  the  relative  importance 
of  harzburgitic,  lherzolitic,  eclogitic  and  websteritic  assemblages  as  diamond  source  lithologies  at 
this  locality.  Diamonds  were  cracked  to  liberate  inclusions,  and  hence  those  containing  C02  and 
abundant  micro-inclusions  such  as  those  described  by  Beard  and  Milledge  (1998)  were  not  cracked 
for  inclusion  recovery. 

The  nitrogen  content  of  60  %  of  the  diamonds  studied  was  below  the  detection  level  of  the  FTIR 
spectrometer,  and  hence  these  diamonds  are  classified  as  Type  II.  The  spectra  of  three  of  these  Type 
II  diamonds  contain  absorption  peaks  due  to  the  presence  of  C02.  One  of  the  C02-bearing  diamonds 
contained  two  sulphide  inclusions  which  have  reequilibrated  from  the  initial  MSS  to  pyrrhotite, 
minor  chalcopyite  and  pentlandite.  Sulphide  inclusions  were  recovered  from  another  Type  la 
diamond. 

The  highest  nitrogen  content  of  5412  at.  ppm  was  measured  in  a  diamond  with  variable  nitrogen 
content,  as  indicated  by  a  second  spectrum  consistent  with  3275  ppm  nitrogen.  Variation  in  N  was 
detected  in  other  diamonds  and  it  is  thought  that  nitrogen-free  Type  II  growth  zones  may  be 
intergrown  with  the  Type  la  zones.  This  would  result  in  unrealistically  high  estimates  of  mantle 
residence  temperatures  and  times  from  the  nitrogen  content  and  aggregation  state  as  discussed  by 
Chinn  et  al.  (1998).  Assuming  a  time-averaged  mantle  residence  temperature  of  1200  °C,  six 
diamonds  yield  mantle  residence  times  considerably  greater  than  the  age  of  the  earth.  Multiple 
spectra  of  all  six  of  these,  and  several  other  diamonds  suggest  the  presence  of  Type  II  or  nitrogen- 
poor  zones  within  the  diamonds. 

Micro-nodules  of  garnet  and  pyroxene  were  recovered  from  three  diamonds,  and  majoritic  garnets 
were  present  in  four  diamonds,  all  of  which  are  notable  for  their  extremely  low  nitrogen  contents. 
Majorite  coexisted  with  an  eclogitic  garnet  lacking  evidence  of  clinopyroxene  solid  solution  in  one 
of  these  diamonds.  A  further  five  diamonds  contained  eclogitic  garnets.  Ilmenite  inclusions  in 
diamonds  are  rare,  except  for  eclogitic  diamonds  from  the  George  Creek  kimberlite  in  Colorado 
(Chinn,  1995)  where  about  a  third  of  the  garnet  inclusions  recovered  contained  small  inclusions  of 
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ilmenite.  However,  ilmenite  appears  to  have  been  relatively  abundant  in  the  Jagersfontein  eclogitic 
diamond  growth  region  as  two  diamonds  contained  ilmenite  inclusions.  The  ilmenites  coexisted 
with  eclogitic  clinopyroxene  in  one  case  and  eclogitic  garnet  and  a  micro-nodule  in  the  other. 

Peridotitic  inclusions  were  recovered  from  two  Type  la  diamonds  which  contained  olivine  and 
chromite.  The  two  olivine  inclusions  exhibit  typical  inclusion  compositions  with  Fo  contents  of  93. 
However,  the  eclogitic  paragenesis  is  dominant  amongst  Jagersfontein  diamonds  and  this  is 
consistent  with  the  presence  of  C02-bearing  diamonds  as  is  the  case  for  the  State  Line  District  of 
Colorado  (see  Chinn  et  al.,  1998) 
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MPH  Consulting  Limited  and  Messina  Diamond  Corporation  first  became  aware  of  the 
Liqhobong  Kimberlites,  and  the  Liqhobong  Co-operative's  operations  there  at  an  SADC-EU 
sponsored  forum  on  mining  investment  held  in  Lusaka,  Zambia  in  December  of  1994.  At  that 
conference,  representatives  from  the  Department  of  Mines  and  Geology  were  extremely 
forthcoming  with  information  and  arranged  for  a  site  visit.  In  particular,  a  Liqhobong  overview 
prepared  by  Mr.  S.A.  Sakhele  of  the  Dept,  of  Mines,  contained  tables  showing  potentially 
economic  recoveries,  and  values/carat  being  obtained  by  the  Liqhobong  Co-operative  over 
the  period  1979-1993.  Specifically,  the  Co-op  had  averaged  0.37cpht  and  $US  50.62/ct.,  in 
mining  some  90,422t  during  that  time,  reportedly  split  relatively  evenly  between  the  two  pipes. 
This  work  by  the  Co-op,  much  of  it  at  deeper  levels  than  De  Beers’  1 960-era  evaluations,  is 
directly  responsible  for  generating  the  current  (May,  1996)  option  agreement  between  them 
and  MDC,  which  allows  MDC  to  determine  the  viability  of  establishing  a  commercial  mine. 

Before  the  formation  of  the  Co-operative,  the  Liqhobong  kimberlites  in  the  Highlands  of 
Lesotho  had  been  occupied  and  mined  on  an  artisanal  basis  since  at  least  the  1950's.  The 
kimberlites  were  then  "discovered"  as  part  of  the  Lesotho-wide  program  of  Colonel  Jack  Scott 
in  the  late  1950's,  and  subsequently  evaluated  by  Scott's  company  Basutoland  Diamonds 
Limited  which  had  participation  rights  reserved  for  De  Beers  in  return  for  funding,  and  which 
made  use  of  geologists  from  Anglo-American  Corporation.  Liqhobong,  Kao  and  Letseng-la- 
terae  were  all  being  mined  by  local  people  at  that  time.  Kao  and  Letseng  were  extensively 
over-run  by  thousands  of  small-scale  local  miners,  while  at  Liqhobong,  lesser  attention  was 
being  given.  Although  Col.  Scott's  teams  had  documented  the  occurrence  of  33  pipes  and 
140  fissures  in  Lesotho,  of  which  24  were  diamondiferous,  the  above  three  operations 
became  the  focus  of  subsequent,  larger  scale,  evaluations. 

At  Liqhobong,  the  Basutoland  teams  consisted  of  a  geologist  with  two  field  assistants  and  25 
labourers,  with  kimberlitic  material  treated  in  small  (4'6")  rotary  pans.  Their  standard 
approach  was  to  systematically  dig  pits  to  ~18'  depths,  and  as  well  this  was  supplemented 
by  trenches  across  the  better  exposed  Satellite  Pipe.  Grades  reported  in  1973  by  Nixon  on 
the  Scott  work  range  from  15-21  cpht  in  the  weathered  kimberlite  of  the  Main  Pipe  to  63  cpht 
in  a  gravel  bed  immediately  above  the  kimberlite.  Grades  at  the  Satellite  Pipe  were  reported 
at  that  time  as  21  cpht  in  the  gravels  and  33  cpht  in  the  yellowground. 

A  $US  2.5m  Phase  I  programme  carried  out  by  Liqhobong  Mining  Development  Company 
(Pty)  Limited  (LMDC),  wholly  owned  local  subsidiary  of  MDC,  on  their  evaluation  licence 
covering  the  kimberlites,  during  July-December  1996  consisted  of  a  levelled  survey, 
geophysical  surveying  and  6,253m  of  core  drilling  along  with  petrography,  indicator  mineral 
geochemistry  and  microdiamond  analysis  of  core.  Briefly,  results  are  as  follows: 

The  geophysical  surveying  resulted  in  the  discovery  of  a  new  Blow  (termed  the  Discovery 
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Blow)  approximately  300m  east  of  the  Main  Pipe,  and,  with  subsequent  drilling,  confirmed 
that  the  Dyke  is  part  of  a  larger  2.5km  Fissure  System  which  consists  of  several  en  echelon 
dykes. 

The  drilling  established  that  the  Satellite  Pipe  had  a  larger  surface  areal  extent  than  presently 
exposed  at  ~1.6ha,  with  the  deepest  hole  ending  in  tuffisitic  kimberlite  breccia  (TKB)  at 
122.5m.  The  Main  Pipe  margins  were  delineated  to  150m  vertical,  with  the  deepest  hole 
ending  in  tuffisitic  kimberlite  (TK)  at  650m.  Areal  extent  of  the  Main  Pipe  was  found  to  be 
-9.5  ha  with  walls  dominantly  vertical,  rather  than  tapering.  On  the  hypabyssal  intrusives  a 
hole  intersected  the  known  Blow  at  50m  vertical  and  found  to  be  5.5m  wide,  with  its  surface 
extent  from  stripping  estimated  at  -0.1  Oha.  Dykes  were  successfully  intersected  between  the 
known  pipes  and  Blow,  and  were  also  found  west  of  Satellite  Pipe  and  -400m  east  of  Blow, 
giving  a  total  known  strike  length  to  the  Fissure  System  of  over  2.5km.  The  Discovery  Blow 
was  found  to  be  -0.2ha  at  surface,  and  similarly  to  the  Blow,  approximately  5m  across  at  50m 
vertical  below  surface. 


All  field  indications  are  that  the  hypabyssal  kimberlites  represent  precursers  to  the  pipes. 
Petrography  has  confirmed  core  logging  interpretations  of  three  separate  tuffisitic  kimberlite 
breccias  of  diatreme  facies,  possibly  close  to  the  diatreme-hypabyssal  interface,  in  the 
Satellite  Pipe,  along  with  a  hypabyssal  phase.  The  Main  Pipe  appears  to  consist  of  a  single 
large  intrusion  with  only  textural  variations  between  tuffisitic  kimberlite  breccias  and  crystal 
tuffisitic  kimberlite,  all  of  diatreme  facies,  to  650m  vertical.  The  blows  and  dykes  are  all 
hypabyssal  intrusives.  All  of  the  Liqhobong  kimberlites  are  indicated  to  be  monticellite 
kimberlites  of  Group-1  variety. 


Major  element  Kimberlitic  Indicator  Mineral  (KIM)  Chemistry  on  the  Liqhobong  intrusives,  and 
generally  suggest  only  low  grade  kimberlites  as  follows: 


Main  Pipe  - 
Sat.  Pipe  - 

Dyke  - 
Blow  - 

Disc.  Blow  - 


diamonds  of  peridotitic  and  eclogitic  origins  indicated  to  be  present  by  the 
garnets  recovered,  ilmenites  suggest  moderate  diamond  preservation  potential, 
diamonds  of  peridotitic  and  eclogitic  origins  indicated  to  be  present  by  the 
garnets  and  chromites  recovered,  and  ilmentites  suggest  moderate  diamond 
preservation  potential. 

diamonds  of  peridotitic  origin  indicated  to  be  present  by  the  garnets,  ilmenites 
suggest  moderate-to-good  diamond  preservation  potential, 
diamonds  of  peridotitic  origin  indicated  to  be  present  by  the  garnets  and 
chromites  recovered,  ilmenites  suggest  moderate-to-good  diamond 
preservation  potential. 

diamonds  of  peridotitic  origin  indicated  to  be  present  by  the  garnets  recovered, 
ilmenites  suggest  moderate  diamond  preservation  potential. 


Trace  element  studies  on  garnets  and  chromites  (Nickel  Thermometry)  carried  out  by  Dr.  W. 
Griffin  at  CSIRO  in  Australia,  indicated  a  typical  Kaapvaal  Craton  geotherm  and  lithosphere 
for  Liqhobong  although  trending  towards  a  marginal  signature.  Grade  prognostications  of  70- 
100  cpht  for  the  Satellite  Pipe,  and  50-70  cpht  for  the  Main  Pipe  were  tempered  by  Dr. 
Griffin’s  noting  that  phlogopite-related  metasomatism  is  present  and  should  lower  the  grades 
to  the  bottom  of  the  range  given,  but  which  are  much  higher  than  either  the  sampling  by  De 
Beers,  or  the  major  element  KIM’s  suggest. 
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Two  labs  were  used  for  microdiamond  recoveries  summarized  below,  namely  Lakefield 
Research  in  Ontario,  the  main  facility,  and  Scientific  Services,  Capetown  the  umpire  facility: 
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Analysis  of  these  microdiamond  abundances  with  respect  to  expected  commercial 
recoveries,  as  well  as  all  results  to  date,  allowed  MPH  to  recommend  a  Phase  II  bulk¬ 
sampling  programme.  Following  independent  corroboration  by  MDC,  a  $US5.5M  Phase  II 
bulk-sampling  commenced  in  February  1997,  with  camp  and  access  up-grades  as  well  as  the 
fabrication  of  a  15tph  DMS  plant.  The  programme  was  designed  to  take  the  project  into 
feasibility  by  providing  a  precise  valuation  of  a  large  parcel  of  Liqhobong  stones  to 
accompany  the  grades  produced  by  the  sampling  to  give  an  initial  value/ct  and  value/tonne 
for  the  kimberlites.  The  programme  was  laid  out  as  follows,  is  independently  monitored  by 
Flour  Daniel  Southern  Africa,  and  began  in  June: 


Main  Pipe  - 

Sat.  Pipe  - 

Blow  - 
Disc.  Blow  - 
Dyke  - 


-40,000T  extracted  from  a  350m  trench,  sampling  the  pipe  from  margin  to 
margin.  Assuming  a  grade  of  25cpht,  this  sample  would  yield  1 0,000  carats. 
-7,500T  extracted  from  surface  trenching  to  yield  5,625  carats  assuming  a 
grade  of  75cpht. 

~1,000T  extracted  from  surface,  yielding  -1,000  carats  at  100  cpht. 

-1,000T  extracted  from  surface,  yielding  -250  carats  at  25  cpht. 

-500T  extracted  from  surface,  yielding  -100  carats  at  20  cpht. 


MDC  has  reported  (20/01/98)  that  pre-feasibility  studies  of  results  to  year-end  have  been 
positive  (based  on  -30%  of  Main  Pipe,  and  the  total  Satellite  sample),  and  that  “an  economic 
diamond  mine  can  be  constructed  at  Liqhobong  for  approximately  US$52  million  over  an  18 
month  period.  The  study  recommends  that  the  open  pit  mine  operates  at  7,200  tonnes/day 
(2.6M  tonnes/year),  initially  blending  ore  from  the  Main  and  Satellite  Pipes.  After  six  years 
the  mine  would  expanded  to  treat  12,000  tonnes/day  (4.4M  tonnes/year)  of  Main  Pipe 
kimberlite  only,  at  an  estimated  capital  cost  of  US$20  million.  Diamond  production  would  be 
approximately  700,000  ct  annually  during  the  project  life  of  approximately  1 1 .5  years.  Fluor’s 
estimate  of  project  operating  costs  of  US$4.43  per  tonne  indicates  that  Liqhobong  could  be 
one  of  the  lowest  cost  operators  worldwide  and  could  provide  an  operating  margin  of 
approximately  67%. ” 

The  press  release  further  states  that,  “Messina  plans  to  continue  the  Main  Pipe  sampling  and 
complete  a  bankable  feasibility  study  during  1998",  which  bodes  well  for  the  establishment 
of  the  2nd  commercial  diamond  mine,  after  Letseng-la-terae,  in  Lesotho. 
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Emplacement  history  of  the  Jericho  kimberlite  pipe,  northern  Canada 

Cookenboo,  H.  O. 

Canamera  Geological  Ltd.,  399  Mountain  Highway,  North  Vancouver,  British  Columbia,  Canada  V7J  2K9 

The  Jericho  kimberlite  (JD-1)  is  a  diamondiferous  pipe  located  60  km  south  of  the  Arctic  Circle  in  the 
barrenlands  of  northern  Canada.  It  was  discovered  in  February  1995  beneath  10  to  35  m  of  till,  and  it 
intrudes  Archean  granitic  country  rocks  of  the  Slave  craton.  Rb/Sr  ages  from  phlogopite  indicate  kimberlite 
emplacement  occurred  172  Ma  (Heaman,  et  al. ,  1997),  which  is  considerably  older  than  the  Late 
Cretaceous  and  Early  Tertiary  kimberlites  100  km  to  the  south  near  Lac  de  Gras.  The  Jericho  kimberlite, 
along  with  a  contemporaneous  small  satellite  pipe  (JD-2)  250  m  north  and  a  larger  pipe  (JD-3)  7  km 
southwest,  are  thus  part  of  a  separate  kimberlite  field  from  those  at  Lac  de  Gras.  Extensive  exploration 
efforts  at  Jericho  have  helped  elucidate  the  process  and  history  of  pipe  emplacement. 

Since  its  discovery,  the  Jericho  kimberlite  has  been  sampled  by  86  drill  holes  and  an  underground 
excavation  in  order  to  evaluate  the  feasibility  of  mining.  The  drill  core  delineated  the  pipe  to  a  maximum 
drill  depth  of  350  m  below  the  surface  and  was  tested  by  caustic  fusion  to  estimate  diamond  grades  in 
different  parts  of  the  pipe.  The  underground  sample  extracted  an  estimated  14,550  tonnes  of  kimberlite 
from  a  decline  tunnel  more  than  4  m"  that  advanced  257  m  through  the  kimberlite,  after  500  m  of  advance 
in  the  granite  country  rock  (Fig.  1).  A  representatitve  9,401  tonnes  of  extracted  kimberlite  wereprocessed 
by  the  claims  holders  Lytton  Minerals  Ltd  and  New  Indigo  Resources,  who  recovered  10,539  carats  of 
diamonds  for  an  average  grade  of  1. 1 8  carats  per  metric  tonne  (Cts/T)  and  an  estimated  value  of  $60  US  per 
carat  (Lytton  Minerals  Ltd  press  release,  December  1997).  Different  parts  of  the  pipe  yielded  grades 
between  0.3 1  and  1 .96  Cts/T.  In  addition  to  providing  the  basis  of  the  diamond  tests,  the  extracted  sample 
is  an  excellent  geologic  database  that  has  permitted  detailed  geochemical,  crustal,  and  mantle  xenolith 
studies  (Kopylova  et  al .,  in  press;  Cookenboo  et  al .,  1997),  as  well  as  allowed  reconstruction  of  Jericho's 
emplacement  history,  as  described  herein. 

The  main  Jericho  kimberlite  (JD-1)  is  an  elongate  body  with  a  straight  and  near  vertical  eastern 
wall,  from  which  3  lobes  with  inward  dipping  walls  emerge  to  the  west  (Fig.  la).  A  one  meter  wide 
kimberlite  dike  extends  from  the  eastern  edge  250  m  north  to  the  small  satellite  pipe  (JD-2).  Core  logging 
and  underground  mapping  resulted  in  identification  of  three  petrographically  distinct  kimberlite  phases 
characterizing  different  parts  of  the  pipe. 

Competent  blue-gray  to  dark  gray  kimberlite  with  unserpentinized  olivine  macrocrysts  and  a 
groundmass  composed  of  finely  disseminated  calcite,  serpentine  and  tiny  oxides  (most  <20  microns)  occurs 
along  the  eastern  wall.  This  kimberlite  has  the  highest  magnetic  susceptibility,  density,  and  volatile  content 
at  Jericho.  It  also  has  the  lowest  diamond  grade,  and  supracrustal  limestone  xenoliths  are  less  common  here 
than  elsewhere.  Textures  suggest  a  hypabyssal  origin,  and  this  phase  is  interpreted  as  a  “blow”  up  to  10  m 
wide  on  a  dike  that  extends  more  than  500  m  from  the  south  end  of  the  pipe  to  the  small  satellite  pipe  JD-2. 
This  dike  phase  lithified  prior  to  emplacement  of  the  other  phases  at  Jericho,  as  shown  by  the  occurrence  of 
autoliths  of  similar  kimberlite  in  the  later  lobes,  and  by  cross-cutting  relationships,  where  the  dike  has  been 
apparently  cut  away  during  subsequent  emplacement  events  (Fig.  lb).  The  hypabyssal  phase  thus  formed 
as  a  precursor  dike,  analogous  to  those  identified  at  many  of  the  deeply  eroded  pipes  in  the  Kimberley  area 
of  South  Africa  (Clement,  1982).  Probably  this  precursor  dike  was  emplaced  by  fracture  propogation  along 
the  pre-existing  structural  trend  defined  by  the  regionally  exstensive  Mackenzie  mafic  dike  swarm,  one  of 
which  parallels  the  precursor  dike  40  m  to  the  east. 

The  second  phase  at  Jericho  was  the  first  pipe-forming  event.  It  fills  the  carrot-shape  northern  lobe, 
which  has  the  steeply  inward  dipping  (~85°)  contacts  typical  of  kimberlite  diatremes,  and  contains 
numerous  autoliths  of  hypabyassl  kimberlite,  which  are  especially  large  and  abundant  near  the  precursor 
dike.  The  kimberlite  is  dark  green  with  a  mostly  serpentine  groundmass  and  mostly  to  completely 


serpentinized  olivine  macrocrysts.  Relative  to  the  precursor  dike,  this  second  phase  has  much  lower 
magnetic  susceptibility  (probably  reflecting  its  dearth  of  tiny  groundmass  oxides),  somewhat  lower  density  , 
and  less  abundant  volatiles  (Kopylova  et  ai,  1997).  The  diamond  grade,  in  contrast,  is  higher  than  the 
precursor  dike  but  lower  than  the  central  lobe.  In  addition  to  olivine,  macrocrysts  of  Cr-pyrope  (lherzolitic) 
garnet,  chrome  diopside,  ilmenite,  enstatite,  orange  (eclogitic)  garnet,  and  (to  a  lesser  extent)  chromite  are 
common.  This  kimberlite  also  contains  abundant,  very  well  preserved  mantle  xenoliths  (including  eclogite 
and  peridotite),  and  crustal  fragments  including  fossiliferous  (Middle  Devonian)  limestone  xenoliths. 
Based  on  counts  made  during  core  logging  and  underground  mapping,  chrome  diopside  megacrysts  are 
more  abundant  than  ilmenite  megacrysts.  Phlogopite  megacrysts  are  rare. 

Kimberlite  in  the  northern  lobe  (Fig.  lc)  has  a  fragmental  texture  characterized  by  minor  spherical 
structures  (pelletal  lapilli)  consisting  of  a  nucleus  surrounded  by  a  thin  rim  of  aphanitic  kimberlite.  A 
breccia  of  large  crustal  blocks  (some  more  than  3  m  across)  occurs  around  the  southern  margin  of  the 
northern  lobe  including  metaturbidite  and  limestone  supercrustal  rocks  no  longer  preserved  adjacent  to  the 
pipe.  The  crustal  xenoliths  change  from  metaturbidites  near  the  granite  contact  to  mostly  limestones 
towards  the  center  of  the  pipe,  suggesting  the  breccia  preserves  a  crude  stratigraphy  of  the  now-eroded 
Archean  and  Devonian  sediments  that  must  have  covered  the  pipe  at  the  time  of  emplacement. 

The  northern  lobe  formed  after  magma  moving  along  the  pre-existing  dike  vented  to  the  surface 
through  the  now-eroded  Paleozoic  limestone  cover  rocks.  Presumably,  the  magma  devolatized  rapidly, 
excavating  a  diatreme-shaped  body  back  down  into  the  Archean  basement.  Late  in  the  emplacement  event, 
large  crustal  blocks  slumped  into  the  pipe  along  the  southern  margin.  The  southern  lobe  contains  kimberlite 
similar  to  the  northern  lobe,  with  a  similar  mantle  sample,  and  is  interpreted  to  have  formed  during  the  same 
emplacement  event.  The  southern  lobe  formed  as  a  magmatic  blow  on  the  precursor  dike  which  may  or 
may  not  have  vented  to  the  surface. 

The  third  phase  formed  a  central  volvanic  vent  in  between  the  northern  and  southern  lobes  (Fig. 
1  d).  This  central  pipe  has  near  vertical  to  slightly  overhanging  walls  where  it  cuts  through  granite,  and  less 
steeply  dipping  contacts  where  it  cuts  pre-existing  kimberlite.  The  kimberlite  is  medium  greenish-gray  to 
light  brown  with  unserpentinized  olivine  macrocrysts  set  in  a  serpentine  groundmass,  and  10  to  15%  crustal 
fragments,  including  limestone  xenoliths  down  to  at  least  350  m  below  the  surface.  Magnetic  susceptibility 
is  variably  higher,  and  competency  generally  lower  than  the  second  phase.  Pelletal  lapilli  are  abundant, 
giving  the  third  phase  a  more  fragmental  appearance  than  earlier  phases.  A  crudely  developed  preferred 
orientation  of  elongate  clasts  dips  10°  to  30°  towards  the  center  of  the  pipe.  The  mantle  sample  differs  from 
earlier  phases,  as  demonstrated  by  a  higher  diamond  grade,  abundant  phlogopite  megacrysts,  and  ilmenite 
megacrysts  that  outnumber  chrome  diopside.  Upward  projection  of  the  walls  of  the  northern  and  central 
lobes  suggests  they  coalesced  into  a  single  pipe  at  the  time  of  emplacement,  before  being  eroded  to  the 
current  subcrop  level  within  the  lower  part  of  the  diatreme-zone. 
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Figure  1:  Sub-surface  contours  (contour  interval  =  50  m). 

for  the  Jericho  Kimberlite  in  northern  Canada:  a)  Kimberlite-granite  contact;  b)  precursor  dike  phase; 
c)  first  diatreme  forming  phase  in  bold;  and  d)  second  diatreme  forming  phase  in  bold. 
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A  chemically  and  texturally  distinct  layer  of  diamondiferous  eclogite  beneath 
the  central  Slave  craton,  northern  Canada. 

Cookenboo,  H.  O.1,  Kopylova,  M.  G.“  and  Daoud,  D.K.1 

1.  Canamera  Geological  Ltd.,  399  Mountain  Highway,  North  Vancouver,  British  Columbia  Canada  V7J  2K9 

2.  Geological  Sciences  Division,  Department  of  Earth  and  Ocean  Sciences,  The  University  of  British  Columbia, 
Vancouver,  British  Columbia,  Canada  V6T  1Z4 

Diamond  bearing  eclogites  between  0.5  and  5  cm  across  have  been  recovered  from  the  Jericho  kimberlite 
in  northern  Canada.  Garnet  and  clinopyroxene  from  nine  xenoliths  have  similar  textures  and  a  tightly 
restricted  compositional  range,  suggesting  they  were  all  derived  from  a  single  diamondiferous  eclogite  layer 
underlying  this  part  of  northern  Canada.  This  paper  describes  the  texture  and  chemistry  of  the  Jericho 
diamondiferous  eclogites,  and  discusses  their  implications  to:  1)  mantle  stratigraphy  beneath  the  central 
Slave  craton;  and  2)  kimberlite  exploration  in  the  area. 

Texture  and  chemistry: 

The  nine  analyzed  xenoliths  from  Jericho  differ  both  texturally  and  chemically  from  other  eclogites  in  the 
pipe.  These  diamondiferous  eclogites  have  a  massive  texture  composed  of  coarse  (3  to  10  mm)  anhedral 
orange  garnet  and  light  green  clinopyroxene  crystals,  commonly  with  120°  grain  intersections  between 
grains.  Distinct  mineral  foliation  or  banding  is  lacking  in  the  diamondiferous  eclogites,  although  it  is 
pervasive  in  most  eclogites  from  Jericho,  and  the  clinopyroxene  to  garnet  ratio  is  roughly  even. 

Most  of  the  garnets  and  clinopyroxene  crystals  are  surrounded  by  coats  of  Ti-phlogopite,  Al-poor 
tetraferriphlogopite,  and  minor  secondary  calcite,  serpentine,  barite  and  apatite  associated  with  the 
kimberlite  magma  occurs  on  fractures  and  between  grains.  Chlorite  alteration  of  clinopyroxene  and 
kelyphitization  of  garnet  is  common.  Rb-Sr  dating  of  phlogopite  from  one  of  these  diamondiferous 
eclogites  yielded  age  of  1 72  Ma,  equal  to  the  emplacement  age  determined  from  phlogopite  megacrysts 
within  the  Jericho  kimberlite.  The  radiometric  age  and  mineralogy  of  the  secondary  minerals  (including 
phlogopite),  implies  that  interaction  with  kimberlite-related  fluids  led  to  alteration  of  these  eclogites. 

Chemically,  both  the  garnets  and  clinopyroxene  are  distinct  from  other  eclogites  at  Jericho.  The 
most  notable  chemical  features  of  the  eclogitic  garnets  are  their  high  concentrations  of  MgO  (19.4  to 
21 .3%  MgO)  and  their  low  and  remarkably  constant  concentration  of  CaO,  which  only  varies  between  4.01 
to  4.30%  CaO  for  all  27  garnet  analyses  from  the  nine  eclogites.  By  comparison,  the  non-diamondiferous 
eclogites  from  Jericho  have  a  broad  range  of  compositions  (Fig.  1).  The  high  MgO  concentrations  in 
garnets  from  the  diamond  bearing  eclogites  are  more  similar  to  Cr-pyropes  from  peridotite  than  to  most 
eclogitic  garnets  (Dawson  and  Stephens,  1975).  The  garnets,  however,  are  typical  of  eclogitic  garnets  in 
being  Cr-poor  (0.2%  to  0.6%  Cr203),  Ti-poor  (relative  to  megacryst  suite  garnets),  and  containing  between 
0.03  to  0.06%  Na20.  The  Na  concentration  is  below  the  levels  found  in  orange  garnet  inclusions  from 
diamonds  worldwide,  which  has  implications  for  the  evaluation  of  eclogitic  garnets  in  till  samples. 

The  clinopyroxene  is  enriched  in  Cr  (between  0.1 1  and  0.40%  Cr203),  Mg  (16.8  to  17.1%  MgO) 
and  Ca  (20.7  to  21.2%  CaO),  compared  to  most  non-diamondiferous  eclogites  at  Jericho,  which  average 
0.04%  Cr203,  9.3%  MgO,  and  14.1%  CaO  (Fig.  2).  In  addition,  clinopyroxene  from  the  diamondiferous 
eclogites  are  Al-poor  (2.0  to  2.2%  A1203)  and  Fe-poor  (2.3  to  3.2%  FeO),  and  have  relatively  low  and 
constant  concentrations  of  Na20  (1.1  to  1.5%  Na20)  similar  to  Group  A  eclogite  decribed  elsewhere 
(Shervais,  et  al.,  1988),  compared  to  between  4.0  and  8.0%  Na20  in  most  eclogite  clinopyroxene  from 
Jericho  (Fig.  2). 

The  restricted  garnet  and  clinopyroxene  mineral  compositions  comprise  a  distinct  chemical 
signature  for  Jericho  diamondiferous  eclogites.  Combined  with  the  consistently  massive  texture,  this 
restricted  chemical  signature  suggests  all  the  diamondiferous  eclogites  at  Jericho  were  derived  from  a  single 


mantle  layer.  Importantly  for  kimberlite  exploration  and  evaluation,  this  chemical  signature  can  be 
recognized  in  single  garnets  or  clinopyroxenes  from  indicator  mineral  trains  or  core. 


Jericho  eclogitic  garnet  compositions 


Figure  1:  Garnets  from  diamondiferous  eclogites  are  compositionally  similar  and  are  high-Mg,  low-Ca,  and  low-Fe  compared  to 
other  eclogites  at  Jericho. 


MgO  (wt.  %  oxide) 

Figure  2:  Clinopyroxene  from  diamondiferous  (+)  and  barren  (o)  eclogite,  compared  to  Southern  African  eclogite  groups  A,  B, 
and  C  (  Snyder,  et  al.  (1994). 
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Relative  proportion  of  diamondiferous  eclogites 

A  representative  sample  of  206  small  (8  to  30  mm)  eclogites  from  a  heavy  mineral  concentrate  of 
Jericho  kimberlite  were  examined  to  estimate  the  relative  proportion  of  diamondiferous  xenoliths  among 
the  total  eclogite  population.  From  the  206  eclogites,  a  single  diamond-bearing  sample  was  recovered, 
clearly  demonstrating  their  rarity.  Textures  were  also  described  for  the  206  eclogites,  although  the  small 
size  of  the  xenoliths  relative  to  crystal  dimensions  makes  the  assignments  somewhat  uncertain.  The 
massive  texture  occurs  in  69  (33.5%)  of  the  examined  xenoliths,  with  the  other  the  other  2/3  being  banded 
or  foliated.  We  randomly  selected  20  eclogites  for  microprobe  analysis  in  order  to  determine  the 
approximate  proportion  of  eclogites  with  a  diamondiferous  chemical  signature.  One  out  of  these  20 
samples  has  the  diamondiferous  eclogite  chemical  signature,  implying  that  (very  roughly)  5%  of  the 
eclogites  come  from  the  mantle  layer  that  sourced  the  diamondiferous  eclogites.  Similar  proportions  were 
obtained  for  randomly  selected  low-Cr  garnet  macrocrysts  from  crushed  drill  core  (14  out  of  171  or  8%). 
Geothermometry 

Clinopyroxene-gamet  geothermometry  (Ellis  and  Green,  1979)  indicates  the  diamondiferous 
eclogite  formed  in  a  very  restricted  temperature  interval  near  1000°C,  in  contrast  to  other  eclogites  at 
Jericho  which  have  a  calculated  temperature  range  of  850°  to  1060°C  (Kopylova  et  al„  1997).  The  total 
range  of  temperature  for  the  diamondiferous  eclogites  is  only  33°C,  which  is  equivalent  to  a  layer  10  km 
thick  when  projected  on  to  the  Jericho  peridotite  P-T  array  (Kopylova  et  al.,  in  press).  This  layer  projects 
near  the  base  of  the  petrologic  lithosphere  between  1 70  and  1 80  km  on  the  peridotite  P-T  array  using  the 
Ellis  and  Green  (1979)  geothermometer.  Other  geothermometers  would  project  onto  the  peridotite  P-T 
array  at  different  depths,  but  all  agree  that  Jericho  diamondiferous  eclogites  were  derived  from  a  thin  mantle 
layer. 

Origin  of  the  diamondiferous  eclogite  layer 

The  restricted  chemical  signature  of  diamondiferous  eclogites  from  Jericho  indicate  that  they  were 
derived  from  a  single  thin  mantle  layer,  in  contrast  to  barren  eclogites  at  Jericho  and  diamondiferous 
eclogites  elsewhere  (e.g.  Udachnaya;  Snyder  et  al.,  1997).  Mineral  chemistry  of  the  diamondiferous 
eclogites  resemble  Group  A  eclogites,  and  by  analogy  the  protolith  may  have  a  mantle  origin  and  have 
formed  as  a  high-pressure  cumulate  from  a  basaltic  melt  (Shervais  et  al ,  1988).  Bulk  chemistry  of  Jericho 
diamondiferous  eclogite  is  similar  to  Archean  basalt  and  komatiite  (Ireland  et.  al,  1994).  The 
diamondiferous  layer  protolith  at  Jericho  was  more  similar  to  these  rocks  than  to  mid-ocean  ridge  basalt,  as 
has  been  proposed  for  Group  A  eclogites  elsewhere  (Ireland  et.  al,  1 994). 
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From  Shore  to  Shelf  and  Back  Again 


Corbett,  I.  B.1,  McMillan,  I.K.1 

1.  Mineral  Resources  Unit,  De  Beers  Marine  (Pty.)  Ltd.,  P.O.  Box  87,  Cape  Town  8000,  South  Africa 

Introduction 

The  secondary  diamond  deposits  on  the  West  Coast  of  Southern  Namibia  have  been  mined 
extensively  since  1908  (Corbett,  1996).  During  the  90  years  since  mining  began,  the  global 
significance  of  the  deposits  remains  unsurpassed.  The  development  of  the  deep-water  offshore 
mining  industry  is  adding  new  information  to  aid  in  unravelling  the  complex  interaction  of  systems 
and  events  responsible  for  their  formation  which  resulted  in  a  cycle  of  diamond  transport  from 
shore  to  shelf  and  back  again. 

Founded  in  1983,  De  Beers  Marine  (Debmarine)  is  the  largest  diamond  exploration  and  mining 
contractor  on  the  West  Coast  of  Southern  Africa.  The  company  operates  a  fleet  of  six  vessels  (with 
a  seventh  currently  under  conversion)  capable  of  providing  a  full  range  of  geophysical  and 
geotechnical,  sampling  and  mining  services.  Supported  by  specialised  shore-based  technical 
services  in  Mineral  Resource  Management  and  Engineering,  production  of  just  under  half  a  million 
carats  of  diamonds  a  year  from  water  depths  that  generally  exceed  100m  off  Southern  Namibia. 
Extensive  geophysical  data  acquisition  across  the  entire  shelf  and  continental  slope  within 
concessions  held  by  Namdeb  Diamond  Corporation  (Pty)  Ltd  has  been  integrated  with  deep  seismic 
data  from  oil  exploration  surveys  to  construct  a  regional  geological  framework  for  understanding 
the  development  of  the  Southern  Namibian  continental  shelf. 

The  regional  offshore  framework  is  being  refined  through  integration  with  very  high-resolution 
geophysical  datasets  acquired  by  Debmarine  for  orebody  characterisation.  Supplemented  by  a 
dense  coverage  of  micro-palaeontological  dating  that  has  been  extensively  cross-referenced  using 
radiometric  techniques,  detailed  reconstruction  of  aspects  of  shelf  geology  is  becoming  possible. 
The  fine-scale  chronostratigraphic  palaeogeography  of  the  western  continental  margin  has  been 
traced  over  the  past  150  My.  from  before  continental  break-up  to  the  present-day. 

The  utilisation  of  the  submersible  “Jago”  is  bringing  multi-disciplinary  teams  in  to  direct  contact 
with  the  seafloor  in  deep-water  concessions  for  the  first  time.  For  geologists  involved,  a  new 
perspective  is  being  obtained  through  the  observation  of  mine  faces  and  sample  holes  that  can  be 
relocated  with  ease  due  to  the  sophisticated  positioning  systems  used,  and  natural  seafloor 
exposures.  Exciting  new  information  about  the  physical  characteristics  of  the  orebodies  on  the 
shelf,  their  environments  of  deposition  and  the  dynamics  of  the  sedimentary  systems  that  formed 
them  will  contribute  to  effective  development  of  deep-water  offshore  mining  into  the  future. 

Sequence  Stratigraphic  Framework 

The  development  of  a  geological  framework  for  the  continental  margin  of  Southern  Namibia  has 
been  hampered  by  the  isolated  nature  of  the  sedimentary  sequences  exposed  along  the  continental 
margin  and  the  difficulty  of  dating  key  onshore  sequences.  It  has  therefore  been  particularly 
difficult  to  determine  the  role  played  by  tectonics  in  driving  post-Gondwana  changes  in  fluvial 
system  behaviour  and  sea-level.  This  has  been  resolved  through  the  development  of  the  offshore 
framework,  which  provides  clear  evidence  for  the  persistent  influence  of  subtle  tectonics,  and 
demonstrates  that  all  things  are  relative  -  even  on  a  so-called  passive  margin,  depending  upon  the 
resolution  of  the  data  used. 
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The  application  of  sequence  stratigraphic  techniques  has  traditionally  been  most  effectively  applied 
to  the  study  of  continental  shelf  and  slope  rock  successions.  Attempts  to  apply  the  techniques  to 
terrigenous  clastic  sequences  have  generally  met  with  varied  success,  and  much  controversy. 
Large-scale  diamond  exploration  and  mining  activities  by  De  Beers  both  onshore  and  offshore  in 
Southern  Namibia  has  enabled  development  of  detailed  biostratigraphies  for  fluvial  and  aeolian 
sequences,  although  the  presence  of  major  unconformities  does  pose  problems  with  correlation. 
Whilst  the  integration  of  the  data  is  not  straightforward,  this  rare  opportunity  created  through  the 
mining  of  secondary  diamond  deposits  is  leading  to  the  identification  of  a  high-resolution, 
tectonically-driven  sequence  stratigraphy  that  is  probably  based  upon  Milankovich  cycles  for  all 
sequences  preserved  on  the  western  continental  margin.  Each  cycle  represents  unique  uplift 
(erosion),  Stillstand  (non-deposition),  subsidence  (sedimentation)  conditions  which,  coupled  to  the 
nature  of  the  palaeoclimate  and  the  type  and  quantity  of  terrestrial  sediment  supply,  has  led  to 
stratigraphic  succession  that  is  singular  to  the  western  continental  margin  of  Southern  Africa. 

Orange  River  System  -  Canyon  Throughput  to  Fan  Delta  Repository 

Sedimentological  investigation  of  the  spectacular  Miocene  and  Plio-Pleistocene  sequences  exposed 
by  onshore  mining  operations  within  the  Orange  River  valley  which  introduced  diamonds  to 
Southern  Namibia  indicate  that  the  deeply  incised  river  operated  as  a  canyon-type  system  through 
the  Richtersveld  Mountains.  Under  the  flashy,  high-energy  conditions  which  prevailed,  specific 
mechanisms  control  the  development  and  preservation  potential  of  diamond  trapsites  (Ward,  et  al., 
1993;  Jacob,  et  al.,  1997,  Allan  and  Frostick,  1997). 

Incision  of  the  system  producing  the  Richtersveld  Mountains  contributed  significant  quantities  of 
coarse  elastics  to  the  continental  margin,  which  created  ideal  conditions  for  the  extensive 
development  of  coarse  clastic  beaches  that  are  characteristic  of  the  high-energy  coastal  plain  and 
continental  shelf.  The  availability  of  coarse  bedload  undoubtedly  contributed  to  the  extreme 
erosional  power  of  shoreface  processes,  resulting  in  the  development  of  complex  patterns  of  rugged 
terrain  formed  by  gullies  and  cliffs  on  coastal  platforms  composed  of  Precambrian  rocks  (Murray  et 
al.,  1970;  Apollus,  1995). 

Observations  with  Jago  revealed  extremely  coarse  conglomeratic  sequences  exposed  on  the  seafloor 
in  an  area  of  positive  relief.  Initial  observations  indicate  that  extensive  erosion  and  shoreface 
incision  has  reworked  the  clastic  sediment  pile,  effectively  removing  the  fine-grained  component  to 
produce  large  quantities  of  very  coarse  gravel.  The  sediment  pile  probably  represents  a  Pleistocene- 
aged(?)  fan-delta  complex,  suggesting  that  the  Orange  system  probably  behaved  similarly  to  model 
predictions  (e.g.  Wood,  1990)  which  would  be  consistent  with  the  combined  influence  of  shelf 
tectonics,  changes  in  gradient  at  the  transition  from  inner  to  middle  shelf,  and  sea-level  movement. 
Although  no  onshore  examples  are  present  in  Southern  Namibia,  excellent  fan-delta  sequences  are 
preserved  along  the  present-day  Skeleton  Coast  (e.g.  Unjab  River)  in  northern  Central  Namibia. 

High-Energy  Shoreface  Processes  -  Diamond  Redistribution  and  Concentration 

Due  to  the  high-energy  coastal  conditions,  fan-delta  sequences  are  probably  reworked  rapidly 
during  shoreface  incision  on  the  west  coast.  Sedimentologists  used  Jago  to  observed  extensive 
coarse  gravel  bodies  interpreted  to  be  the  highly  condensed  product  of  marine  reworking  of  coarse 
alluvial  facies.  The  history  of  these  gravel  accumulations  along  palaeoshorelines  is  undoubtedly 
complex  as  multiple  episodes  of  sediment  introduction  and  reworking  are  probably  represented. 
This  has  proved  difficult  to  resolve  onshore  due  to  the  highly  destructive  nature  of  these 
environments,  which  are  unattractive  habitats  for  marine  organisms.  Freshwater  dissolution  of 
biogenic  carbonate  to  form  calcrete  palaeosols,  has  also  effectively  removed  palaeontological 


evidence.  Offshore  sequences  are  palaeontologically  richer,  and  provide  an  opportunity  to  better 
define  the  temporal  relationships  of  the  gravel  bodies  preserved  on  the  shelf. 

Arid  Zone  Re-Entry 

During  sub-aerial  exposure  of, the  continental  shelf,  sequences  associated  with  palaeoshoreline 
development  have  been  subjected  to  arid  zone  weathering  and  erosional  processes  (Corbett,  1993). 
Processes  such  as  salt  weathering  are  surprisingly  capable  of  rapid  and  comprehensive  destruction 
of  coarse  elastics  to  produce  a  finer-grained  grit  and  small  pebble  fraction  (Beetz,  1926;  Corbett, 
1989).  Once  released  into  the  aeolian  system,  material  (including  diamonds)  is  susceptible  to 
transport  by  aeolian  processes.  Field  experiments  using  garnet  demonstrate  that  “creep  transport” 
(whereby  grains  are  pushed  forward  in  small  increments  by  bombardment  of  smaller  particles 
travelling  in  saltation  at  velocities  which  commonly  exceed  70  km/hr)  is  particularly  effective. 
Within  a  20  km  wide  coastal  tract  within  the  Southern  Namib,  the  wind  direction  is  unimodal,  and 
transport  is  dominantly  northbound.  Diamonds  have  been  transported  up  the  palaeoslope  during 
sub-aerial  shelf  exposure  into  well-defined  “aeolian  transport  corridors”  (Corbett,  1989,  1990, 
1993).  At  times,  these  corridors  occupy  south-north  oriented  endoreic  basin  features,  where  further 
potential  exists  to  concentrate  diamonds  due  to  the  presence  of  trapsites  formed  by  rugged  bedrock 
topography.  Ephemeral  stream  systems  within  the  basins  commonly  rework  aeolian  sediments 
containing  diamond  concentrations  to  produce  characteristic  diamond  dispersal  patterns  (Corbett, 
1989;  1993).  The  analysis  of  original  prospecting  data  from  1908  to  about  1920  reveals  the  subtlety 
of  the  aeolian  system  in  sorting  the  diamonds.  Repetition  of  this  process  and  the  removal  of  fine¬ 
grained  material  due  to  unusual  desiccation  effects  and  aeolian  abrasion  further  concentrated 
diamonds! 
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This  is  the  first  report  of  an  ongoing  investigation  of  diamonds  (mineral  inclusions, 
diamonds’  physical  and  chemical  characteristics)  from  kimberlite  pipe  DO-27,  near  Lac  de  Gras  in 
the  Slave  Craton,  Canada.  This  study  is  a  component  of  our  Lithosphere  Mapping  project  on  the 
Slave  Craton,  which  integrates  petrological  and  geophysical  data  to  understand  the  composition, 
structure  and  origin  of  the  lithospheric  mantle;  this  information  is  critical  to  diamond  exploration 
models  for  the  Slave  Craton,  which  has  a  unique  lithospheric  structure  (Griffin  et  al.,  this  volume). 
Physical  Characteristics 

Diamonds  examined  weigh  between  0.01  and  0.42  carats;  75%  were  <0.10  carat.  75%  of  the 
stones  are  coloured,  from  shades  of  brown  (55%)  to  yellow/brown  (5%),  yellow  (9%)  and  grey 
(6%).  Morphology  ranges  from  planar  octahedra  and  composite  octahedra  with  minor  resorption 
(30%  of  stones)  to  heavily  resorbed  dodecahedra.  All  resorption  categories  (Robinson  et  al.,  1989) 
are  represented,  and  more  than  half  of  the  diamonds  have  lost  25%  to  65%  of  their  original  mass. 
Resorbed  forms  consist  of  equal  proportions  of  dodecahedra,  flattened  dodecahedra,  aggregates  and 
fragments  with  resorbed  external  faces.  12%  of  stones  are  cubes  and  cubo-octahedra,  many  of  which 
are  fibrous  and/or  have  hopper  faces.  Octahedral  diamonds  have  smooth  finely  stepped  planar 
surfaces  and  ribbed  edges.  Negative  etch  trigons  and  hexagons  are  common  on  primary  faces. 
Dodecahedral  forms  preserve  dissolution  laminae  and  large  drop-shaped  hillocks.  Ruts  are  common 
and  resorbed  surfaces  are  often  frosted.  Slip  plane  dislocations  resulting  from  plastic  deformation  are 
evident  on  about  half  the  stones,  as  glide  planes  and  shagreen  texture  on  resorbed  dodecahedral 
faces. 

Diamond  Inclusions 

Mineral  inclusions  were  extracted  by  breaking  diamonds  in  an  enclosed  cell,  then  placed  in 
epoxy  on  glass  slides  and  polished  for  electron  microprobe  analysis.  Small  inclusions  exposed  on 
cleavage  surfaces  were  analysed  in  situ.  Representative  analyses  are  given  in  Table  1. 

Eclogitic  paragenesis:  =50%  of  the  inclusions  are  eclogitic.  Eclogitic  garnets  have  9-16% 
CaO  and  variable  Na^  contents;  no  majorite  component  is  present.  Their  composition  suggests  they 
are  derived  from  kyanite-bearing  eclogites,  similar  to  observed  xenoliths  (Pearson  et  al.,  this  vol.). 
One  "omphacite"  has  a  high  level  of  opx  solid  solution,  implying  a  high-T  origin;  another  contains 
Jd=25%.  Diopside  inclusions  also  occur  but  may  be  epigenetic  (Table  1).  Low-Ni  (<2.9%  Ni)  iron 
sulfides  of  the  eclogite  paragenesis  were  recovered  from  5  diamonds  . 

Peridotitic  paragenesis:  This  paragenesis  includes  olivine,  Cr-pyrope  and  pentlandite. 
Pyrope  inclusion  27G  has  very  high  Cr203,  but  is  only  mildly  subcalcic.  It  is  extremely  depleted  in  Y 
and  Zr,  but  contains  significant  Sr,  as  is  typical  of  diamond-inclusion  Cr-pyrope  garnets.  Two 
lherzolitic  garnets  intergrown  with  diamonds  give  TNj  =  1 130  °C  and  920  °C.  All  of  the  olivines  have 
high  mg#  (92.8-94.0),  suggesting  a  harzburgitic  paragenesis.  One  pentlandite  inclusion  has  been 
recovered. 

Super-deep  paragenesis  :  At  least  25%  of  the  inclusion-bearing  stones  contain  inclusions  of 
ferropericlase  ((Fe,Mg)0)  or  Mg-perovskite.  The  ferropericlase  inclusions  have  mg#,  Cr  and  Ni 
contents  similar  to  inclusions  reported  from  Orroroo,  Koffiefontein  and  Sloan  (Scott-Smith  et  al., 
1984;  Otter  and  Gurney,  1989).  In  diamond  14A  the  ferropericlase  is  accompanied  by  an  inclusion 
with  MgSi03  stoichiometry,  interpreted  as  the  corresponding  Mg-perovskite  phase,  and  by  a  tiny 
inclusion  of  essentially  pure  Ni. 

Phlogopite  and  other  possible  epigenetic  phases.  Diamond  26D  contained  a  granular  mass  of 
phlogopite  with  irregular  intergrowths  of  heterogeneous  almandine  garnet  and  diopside.  This 
assemblage  is  believed  to  be  due  to  infiltration  of  fluids  along  a  crack  between  two  parts  of  the  stone. 
Phlogopite,  calcite,  sphene  and  phlogopite  +  diopside  +  calcite  intergrowths  have  been  found  in 
other  stones. 
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FIGURE  1.  Carbon-Isotope  compositions  of  D027  diamonds 
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Carbon  Isotopes 

Carbon  isotopes 
were  measured  by  mass 
spectrometry  on  0.1  mg 
fragments.  2/3  of  the 
313C  values  lie  between  - 
3.5%o  and  -5.5%c;  the 
remainder  scatter  to  very 
low  values  (Fig.  1). 
Peridotitic  diamonds 
cluster  in  the  main  peak, 
while  eclogitic  diamonds 
range  from  -4.1%c  to  - 

_ (  21.1%c.  Eclogitic  garnets 

q  have  the  lightest  carbon 

values  <-15%c,  while 
eclogitic  sulfides  and 
omphacite  range  between 
-4.1  and  -14.4%c.  The 
isotopically  light  carbon  of  the  eclogitic  diamonds  is  taken  as  evidence  of  crustal  derivation  of  the 
carbon. 

FTIR  Characteristics 

Nitrogen  contents  and  aggregation  states  were  calculated  by  deconvolution  of  FTIR 
absorbance  spectra  of  whole  stones,  using  the  guidelines  of  Mendelssohn  and  Milledge  (1995).  The 
eclogitic  and  peridotitic  paragenesis  diamonds  have  similar  N  contents  and  N-aggregation 
characteristics.  2/3  of  the  diamonds  are  of  the  IaA-IaB  type;  nitrogen  contents  are  200-900  ppm 
(mean  500).  Nitrogen  aggregation  states  show  a  bimodal  distribution:  one  mode,  with  <20%  IaB,  is 
more  common  to  the  eclogitic  diamonds  which  also  have  higher  average  N  contents;  the  other  mode 
scatters  between  40-80  %IaB,  and  %IaB  does  not  correlate  with  higher  N  contents.  The  diamonds 
with  high  aggregation  states  all  show  plastic  deformation,  which  is  inferred  to  enhance  nitrogen 
aggregation  (Evans  et  al.,  1995)  35%  of  the  diamonds  contain  no  detectable  nitrogen  (Type  II).  All 
diamonds  with  the  superdeep  inclusion  phases  are  Type  II,  as  in  the  Sao  Luiz  diamond  suite 
(Wilding  et  al.,  1991).  Other  Type  II  diamonds  are  peridotitic  (olivine  and  Cr-pyrope  inclusions), 
and  ca  10%  of  the  eclogitic  diamonds  are  Type  II.  C02  has  only  been  found  in  eclogitic  diamonds 
(cf  Chinn  et  al.,  1995). 

Conclusions 

The  correlation  of  nitrogen  contents  and  carbon  isotope  compositions  with  inclusion 
paragenesis  suggests  that  the  non-inclusion  bearing  diamonds  in  this  study  are  derived  largely  from 
the  eclogitic  paragenesis  and  the  “superdeep”  ferropericlase-bearing  paragenesis.  Based  on  this 
limited  sample,  we  estimate  that  >50%  of  the  diamonds  are  eclogitic,  and  -25%  of  the  superdeep 
paragenesis. 

The  "superdeep"  mineral  assemblage  represented  by  the  ferropericlase  and  Mg-perovskite 
inclusions  is  stable  only  at  lower-mantle  depths  (>650  km),  and  its  occurrence  in  diamond-inclusion 
suites  has  been  interpreted  as  evidence  for  the  ascent  of  plumes  from  the  lower  mantle  or  from  the 
core-mantle  boundary  (Scott-Smith  et  al.,  1984;  Kesson  and  Fitz  Gerald,  1991).  Its  presence  at  Lac 
de  Gras  may  have  major  genetic  implications  for  the  other  diamonds  as  well.  The  association  of 
abundant  "superdeep"  inclusions  with  a  high  proportion  of  eclogitic  diamonds,  many  of  which  have 
very  low  313C,  suggests  to  us  that  a  significant  proportion  of  the  diamonds  from  D027  originated  in 
the  deep  mantle,  in  a  volume  that  contained  a  high  proportion  of  subducted  crustal  material.  The 
ascent  of  a  megalithic  diapir  (Ringwood,  1982,  Haggerty,  1994)  containing  this  subducted  material 
may  have  played  an  important  role  in  the  construction  of  the  lithosphere  beneath  the  Slave  Craton.  In 
particular,  it  may  have  produced  the  unique  two-layered  lithospheric  mantle  found  beneath  the  Lac  de 
Gras  region  (Griffin  et  al.,  this  volume). 
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Table  1.  Representative  analyses  of  inclusions  in  DO-27  diamonds 


Paragen. 

Superdeep 

Peridotitic 

Sample 

155(1) 

14A(8) 

14A(8) 

14A(8) 

15B 

22B(2)-1 

27G 

Diam.  1 

Phase 

Fe-Pericl. 

Fe-pericl. 

Mg-Perov. 

Ni  metal 

Olivine 

Olivine 

Cr-Pyr. 

Cr-Pyr. 

Si02 

0.03 

0.04 

57.22 

0.00 

41.22 

41.44 

40.26 

41.04 

Ti02 

0.02 

0.01 

0.03 

0.02 

0.00 

0.01 

0.17 

0.2 

A1203 

0.17 

0.08 

2.03 

0.01 

0.02 

0.02 

11.91 

15.72  ! 

Cr203 

0.45 

0.67 

0.36 

0.00 

0.06 

0.05 

14.76 

10.31 

FeO 

29.69 

20.97 

4.22 

0.79  (Fe) 

7.06 

6.90 

7.11 

7 

MnO 

0.31 

0.23 

0.07 

0.03 

0.09 

0.06 

0.15 

0.39 

MgO 

68.44 

78.25 

36.11 

0.00 

51.66 

51.51 

20.01 

18.22 

CaO 

0.02 

0.09 

0.13 

0.00 

0.04 

0.03 

5.00 

6.91 

Na20 

0.07 

0.27 

0.04 

0.00 

0.00 

0.00 

0.02 

o 

K20 

0.01 

0.04 

0.00 

0.02 

0.00 

0.01 

0.00 

0 

NiO 

1.55 

1.28 

0.03 

96.2  (Ni) 

0.34 

0.30 

0.00 

0 

Total 

100.76 

101.92 

100.25 

97.1 

100.51 

100.33 

99.39 

99.79 

mg# 

80.4 

86.9 

93.8 

92.9 

93.0 

83.4 

82.3 

Paragen. 

Eclogitic 

Epigenetic? 

Sample 

D27-28 

221 

23j 

27F 

26d 

26d 

26d 

12E(lc) 

Phase 

Garnet 

Garnet 

Garnet 

Cpx 

Phlogopite 

Garnet 

Cpx 

Cpx 

Si02 

42.73 

39.27 

39.48 

54.30 

41.02 

41.10 

53.88 

53.67 

Ti02 

0.79 

0.97 

0.82 

0.41 

3.83 

0.01 

0.31 

0.47 

A1203 

19.31 

21.07 

21.21 

5.48 

12.21 

23.04 

0.7 

0.65 

Cr203 

0.07 

0.06 

0.06 

0.07 

0.18 

0.02 

0.45 

0.05 

FeO 

14.16 

16.80 

16.00 

7.93 

5.43 

9.12 

3.17 

5.17 

MnO 

0.29 

0.40 

0.38 

0.10 

0.06 

0.20 

0.08 

0.09 

MgO 

9.87 

8.58 

8.81 

12.55 

21.64 

18.29 

17.62 

15.58 

CaO 

13.05 

12.46 

13.03 

14.56 

0.04 

6.87 

22.52 

23.04 

Na20 

0.11 

0.20 

0.20 

3.53 

0.24 

0.04 

0.52 

0.57 

K20 

0.00 

0.00 

0.00 

0.16 

10.08 

0.02 

0.02 

0.02 

NiO 

0.00 

0.00 

0.00 

0.05 

0.19 

0.00 

0.06 

0.00 

Total 

100.38 

99.81 

99.99 

99.14 

94.92 

98.71 

99.33 

99.32 

mg# 

55.39 

47.7 

49.5 

73.8 

87.7 

78.10 

90.8 

84.31 
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The  eastern  margin  of  Australia  hosts  diamond  deposits  that  occur  in  alluvium  and  in  buried 
alluvium  beneath  Tertiary  basalt  flows.  The  primary  source  of  the  eastern  Australian  diamonds  is  at 
present  unknown.  Diamonds  do  not  occur  with  any  of  the  conventional  diamond  indicator  minerals 
and  source  and  host  rocks  remain  unidentified.  Because  these  diamonds  occur  in  a  Phanerozoic 
accretionary  environment,  distinct  from  Proterozoic  and  Archean  cratonic  domains  west  of  the 
Tasman  Line  (Figure  1),  their  occurrence  is  considered  enigmatic,  and  it  raises  questions  as  to 
whether  all  macro-diamonds  originate  from  kimberlites  or  lamproites  in  Archean  and  Proterozoic 
cratons  (see  Griffin  et  al.,  1998).  The  aim  of  this  study  is  to  characterise  the  eastern  Australian 
diamonds  and  determine  whether  they  differ  from  diamonds  of  conventional  cratonic  occurrences. 


Figure  1.  Maps  of  E.  Australia  showing  distribution  of  major  alluvial  diamond  deposits. 


More  than  1000  diamonds  from  alluvial  deposits  at  Wellington  and  Bingara,  New  South  Wales, 
Australia,  have  been  characterised  on  the  basis  of  their  morphological  features,  mineral  inclusion 
compositions,  carbon  isotopes,  nitrogen  content  and  aggregationstates,  and  internal  structures.  The 
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diamonds  are  of  two  types,  here  termed  Group  A  and  B.  At  Wellington  Group  A  and  B  occur  in  the 
ratio  4:1,  while  at  Bingara  the  population  is  essentially  of  the  B  type. 

All  diamonds  are  yellow,  white  or  brown  in  colour.  At  both  localities  the  diamonds  average  a  weight 
of  about  0.17  ct,  with  a  range  between  0.02  and  1.07  ct,  but  there  are  records  of  larger  stones.  The 
diamonds  are  characterised  by  polished  forms  that  have  been  strongly  rounded  by  resorption.  Etch 
features  compare  to  those  of  diamonds  erupted  by  kimberlite  and  lamproites,  indicative  of  diamond 
transport  to  the  surface  in  a  magma.  Unique  to  Group  B  diamonds  are  large  isolated  frosted  pits  and 
strong  deformation  features.  Mild  abrasion  is  evident  on  most  stones,  and  radiation  damage  is  more 
common  in  the  Group  A  diamonds,  suggesting  different  alluvial  histories  for  the  two  groups. 

The  compositions  of  syngenetic  mineral  inclusions  indicate  that  the  Group  A  diamonds  formed  in  a 
dominantly  peridotitic  mantle  volume;  a  small  number  of  stones  contain  eclogitic  inclusions.  Olivine 
(Fo  92-95,  mean  93)  is  the  dominant  inclusion;  the  range  in  Mg  numbers  suggests  derivation  from 
both  lherzolitic  and  harzburgitic  rocks  (Meyer,  1987).  Rare  pentlandite  and  chromite  also  occur.  The 
Group  B  diamonds  have  only  eclogitic  inclusions  with  the  exception  of  one  diamond  containing 
olivine  (Fo  89);  the  inclusion  suite  contains  a  wide  range  of  diopside  -  omphacite  clinopyroxenes  (3 
to  40%  Jd),  coesite,  grossular-rich  garnet  (Gr  61  -  83%),  sphene  and  molybdenite.  Sphene  and 
molybdenite  have  not  previously  been  recognised  as  syngenetic  inclusions  in  diamond.  Furthermore 
the  extremely  calcium  rich  compositions  of  the  garnets  and  many  of  the  clinopyroxenes  are  unique  to 
this  diamond  inclusion  suite. 

Internal  growth  features  also  vary  between  groups.  Group  A  diamonds  have  planar  growth  layers 
showing  octahedral  form  that  suggests  they  have  grown  in  mostly  stable  conditions  (Bulanova, 
1995).  In  25%  of  these  diamonds,  intermediate  zones  are  truncated  by  one  or  more  resorption 
episodes  with  overgrowths  of  octahedral  layers.  All  diamonds  show  a  late  resorption  episode  that 
probably  occurred  in  the  emplacing  magma.  Nitrogen  contents  (measured  from  infra  red  absorbance 
spectra)  of  Group  A  diamonds  are  generally  high  (250  to  2500  ppm)  and  show  a  gradational 
decrease  from  core  to  rim.  Corresponding  IaB  nitrogen  aggregationranges  from  6  to  42%.  A  small 
group  of  Group  A  stones  has  low  N  contents  (140  to  900  ppm)  but  high  IaB  aggregationstates  (44- 
95%). 

Growth  structures  in  the  Group  B  diamonds  are  complex  (Davies  et  al.,  this  volume).  Diamonds 
with  high  N  contents  (900-3000  ppm)  have  homogeneous  structures  and  often  contain  trace 
amounts  of  carbonate  and  hydrogen.  Low-nitrogen  diamonds  show  evidence  of  unstable  growth 
coinciding  with  deformation  events  with  non-planar  growth  facets,  some  resorption,  and 
displacement  and  brecciation  of  central  structures  that  have  annealed  and  show  subsequent 
overgrowths.  Rare  sector  growth  and  dendritic  structures  also  occur.  In  these  diamonds,  central 
structures  are  nitrogen  rich  (ca  1000  ppm),  and  rim  zones  are  nitrogen  poor  (<100  ppm). 

The  group  divisions  are  supported  by  carbon  isotope  measurements  (Fig.  2).  Group  A  diamonds 
have  013C  values  that  range  between  -10%o  and  -3%o,  within  the  world  range  for  peridotite  diamonds, 
and  suggest  a  derivation  from  a  homogenised  mantle  carbon  source.  Group  B  diamonds  are  C- 
enriched  013C  =  -5%o  to  +3%o),  a  signature  that  may  suggest  a  crustal  origin  for  the  carbon;  this  is 
also  supported  by  nitrogen  isotope  measurements  (Cartigny,  unpubl.  results). 
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Figure  2.  Carbon  isotope  compositions  and  distribution  for  diamonds  from  Groups  A  and  B,  including  samples  of  the 
peridotitic  (P)  and  eclogitic  (E)  parageneses,  compared  to  diamonds  from  Copeton-Bingara  (C-B;  Sobolev,  1984)  and 
the  world-wide  range  and  distribution  (inset;  after  van  Heerden  et  al.,  1995). 

The  characteristics  of  the  Group  B  diamonds  are  consistent  with  formation  in  a  subducted  oceanic 
plate  in  which  diamond  has  crystallised  under  low  temperature-high  pressure  eclogite  facies 
conditions  in  the  diamond  stability  field.  Rodingitisation  of  basaltic  dikes  in  exposed  peridotite  prior 
to  subduction,  or  mixing  with  Mg-carbonates,  followed  by  subduction  could  account  for  the  calcium 
rich  inclusion  suite,  as  well  as  the  heavy  carbon  isotopic  signatures  (Griffin  et  al.,  1998).  The  Group 
A  diamonds  may  be  derived  from  a  more  conventional  source  such  as  a  cratonic  Proterozoic 
lithosphere,  and  may  have  been  shed  from  the  craton  west  of  the  Tasman  Line  through  alluvial 
reworking,  as  suggested  by  the  greater  incidence  of  radiation  damage  in  this  group.  An  eastern 
Australian  derivation  for  these  diamonds  would  imply  the  presence  of  slices  of  cratonic  lithosphere 
beneath  eastern  Australia. 
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The  internal  structure  of  diamonds  can  be  qualitatively  studied  using  electron  microscope  or 
cathodoluminescence  (CL)  imagery.  CL  highlights  variations  in  impurity  distribution,  and  CL  images 
can  show  changes  in  morphology  during  growth,  dissolution  and  deformation,  and  may  provide  a 
spatial  context  for  interpretation  of  nitrogen  content  and  nitrogen  aggregation  states  measured  by 
infrared  spectroscopy  (eg.  Bulanova,  1995).  CL  data  are  usually  collected  as  colour  images.  Colour 
variations  on  a  CL  image  are  mainly  related  to  variations  in  nitrogen  content  between  different  parts  of 
the  diamond,  and  to  a  lesser  extent  to  the  presence  of  other  trace  impurities.  Nitrogen  is  the  most 
common  impurity  incorporated  in  the  diamond  lattice  (Type  I)  and  produces  a  variable  blue  colour  on 
the  CL  image.  Yellow  CL  colours  are  less  common,  and  do  not  appear  to  indicate  incorporated 
impurities.  Rather,  they  occur  in  stress  or  defect  zones  with  low  nitrogen  contents,  such  as 
amorphous  seeds  (commonly  hydrogen-bearing),  around  mineral  inclusions  and  radiation  spots,  and 
along  deformation  laminae.  Regions  with  trace  amounts  of  nitrogen  have  dark  CL  colours. 

Alluvial  diamonds  from  Bingara  and  Wellington  in  eastern  Australia  are  dominated  by  a  unique 
population  of  diamonds,  herein  termed  Group  B:  these  have  highly  resorbed  crystal  forms,  distinctive 
surface  features,  calcium-rich  eclogitic  inclusions  accompanied  by  abundant  coesite  inclusions,  and 
heavy  carbon  isotope  signatures  (313C  -5 %o  to  +3%c;  see  summary  by  Davies  et  al.,  this  volume). 
Like  other  eastern  Australian  alluvial  diamonds,  the  Group  B  diamonds  come  from  an  unidentified 
source  and  occur  in  a  Phanerozoic  tectonic  setting.  CL  studies  of  these  diamonds  have  been  carried 
out  as  part  of  a  larger  study  which  aims  to  characterise  the  diamonds,  understand  their  origin,  and 
constrain  exploration  models. 

Results 

Polished  central  plates  and  faces  of  54  Group  B  diamonds  were  investigated  using  CL.  The  diamonds 
were  divided  into  two  groups,  based  on  surface  morphology,  internal  CL,  and  infrared  absorption 
characteristics:  a  yellow  group  with  high  nitrogen  contents  and  nitrogen  aggregation  states  (1000  - 
2500  ppm;  18  to  42  %IaB),  and  the  presence  of  carbonate  and  hydrogen,  and  a  white  and  brown 
group  with  low  to  trace  amounts  of  nitrogen  (<400  ppm  N  and  <15  %IaB  to  1000  ppm  and  60  %IaB 
in  some  cores).  All  Group  B  diamonds  have  lustrous  low-relief  resorbed  surfaces  without  primary 
octahedral  faces.  Common  surface  features  include  deformation  laminae  which  are  only  partially 
developed  and  cross-cut  the  stones  in  several  directions.  The  deformation  laminae  occur  as  raised 
features  that  often  show  herringbone  structure.  This  is  not  a  twinning  feature  but  represents  less- 
resorbed  surfaces  of  the  stone  that  retain  evidence  of  growth  layering  while  the  surrounding  surfaces 
are  more  rounded  by  resorption.  The  low-nitrogen  diamonds  show  greater  evidence  of  deformation, 
containing  small  strain  hillocks,  lamination  lines  and  deep  cavities  on  the  resorbed  surfaces. 

CL  images  of  the  nitrogen-rich  group  of  diamonds  are  homogeneous  and  blue.  A  few  of  these 
diamonds  show  planar  internal  structures,  which  indicate  octahedral  form  and  growth  in  stable 
conditions  (Bulanova,  1995).  Examples  of  this  occur  in  which  Type  II  intergrowths  and  rims  are 
aligned  with  octahedral  planes.  In  contrast,  diamonds  of  the  nitrogen-poor  group  have  complex 
internal  structures,  with  thick  concentric  non-planar  Type  la  and  Type  II  layers  that  may  indicate 
unstable  and  dynamic  growth  histories,  during  which  deformation  occurred  simultaneously  with 
diamond  growth.  More  than  half  of  the  low-nitrogen  Group  B  stones  show  a  large  rounded  nitrogen 
rich  (ca  900  ppm)  central  structure,  possibly  representing  a  resorbed  form.  The  round  centres  are 
overgrown  by  nitrogen-poor  diamond  which  is  either  continuous  out  to  the  rim  of  the  stone,  or  may 
be  overgrown  by  an  oscillating  sequence  of  Type  la  and  Type  II  layers  with  sharp  contacts, 
suggesting  growth  under  rapidly  changing  conditions.  Within  the  round  central  structures,  small  Type 
II  triangular  shards  may  occur,  indicative  of  the  interplay  of  (111)  octahedral  planes  integrating  Type 


II  cube  (100)  facets  on  a  micro-scale  (Frank  et  al.,  1990).  On  a  macro-scale  only  non-planar  facets  are 
observed,  and  unlike  diamond  from  other  occurrences  (eg.  Group  A  diamonds  from  Wellington, 
NSW;  Davies  et  al.,  this  volume),  planar  octahedral  layers  never  assimilate  the  less  stable  rounded 
facets  as  growth  proceeds  (Figure  1). 


Figure  1.  CL  image  of  non-planar  concentric  zoning  Figure  2.  Reniform  structures  outside  central  zone, 

with  a  nitrogen  -rich  centre. 

The  non-planar  concentric  zoning  structures  are  comparable  to  those  seen  in  zoned  grandite  garnets 
from  hydrothermal  systems  (Jamtveit  and  Andersen,  1994).  Other  non-planar  structures,  occurring  in 
about  a  third  of  these  diamonds,  include  sub-parallel  bands  with  thick  brush-stroke  textures  that  may 
be  a  form  of  sector  structure.  One  diamond  shows  reniform  structures  (Figure  2);  in  another  the 
central  zone  contains  dendritic  structures  and  part  of  the  rim  zone  contains  a  cluster  of  small 
oscillatorily-zoned  cube  forms  that  appear  to  be  growth  nuclei  (Figure  3). 


Figures  3.  Lobed  structures  with  a  cluster  of  small 
oscillatorily  zoned  cube  forms  on  rim  (bottom  right). 


Figure  4.  Brittle  deformation  structures  showing 
displacements  of  zoning  with  Type  II  annealing. 


Deformation  is  ubiquitous  in  the  low-nitrogen  Group  B  diamonds.  However,  it  is  evident  not  as  the 
fine  cross-hatched  linear  features  typical  of  most  plastic  deformation  in  diamond,  but  as  brittle 
displacements  of  layers  throughout  the  stones  (Fig.  4).  Stronger  deformation  produces  cataclastic 
disruption  of  layers  and  brecciation  of  internal  structures  (Figure  5).  In  an  extreme  case,  the  diamond 
consists  of  small  crystallites  with  a  mottled  blue  texture  in  CL,  apparently  deformed  to  the  point  of 
recrystallisation.  Where  strain  displacements  occur.  Type  II  diamond  anneals  the  ruptured  zones. 
Deformation  zones  may  be  overgrown  by  undeformed  diamond,  showing  that  diamond  growth  was 
accompanied  by  and  also  post-dated  deformation. 


Figure  5.  Cataclastic  deformation  structures  with  Type  Figure  6.  Diffuse  N-rich  domains  in  N-poor  diamond. 

I  and  Type  II  diamond. 

Deformation  in  zones  of  diamonds  with  trace  amounts  of  nitrogen  appears  as  a  network  of  fine  lines 
of  blue  CL  on  a  dark  background.  Nitrogen  has  apparently  diffused  along  these  cracks,  sometimes 
concentrating  as  diffuse  domains  of  blue  CL  independent  of  growth  zoning  (Figure  6).  This  feature 
may  provide  important  insights  into  nitrogen  aggregation  in  diamond,  as  it  is  evidence  that 
deformation  (Evans,  1992),  as  well  as  temperature  and  time  (Allan  and  Evans,  1981)  promotes  the 
aggregation  process.  The  high-nitrogen  diamonds  show  little  evidence  of  deformation,  apart  from  the 
linear  features  on  the  diamond  surfaces.  Apparently  CL  is  unable  to  identify  evidence  of  deformation 
in  these  diamonds,  possibly  due  to  the  high  nitrogen  content.  Alternatively,  it  is  possible  that  high 
nitrogen  contents  may  somewhat  inhibit  deformation  (Milledge  pers.  comm.,  1996). 

Conclusion 

The  Group  B  diamonds  may  have  grown  rapidly  in  a  stress  field.  A  group  of  nitrogen-poor  diamonds 
shows  complex  structures  comparable  to  those  in  minerals  grown  in  hydrothermal  systems.  The 
inability  of  these  diamonds  to  attain  ideal  octahedral  or  cubic  forms  throughout  their  growth  histories, 
combined  with  displacements  of  growth  zones  and  the  occurrence  of  dendritic  structures  and  other 
non-planar  growth  forms,  suggests  that  they  grew  rapidly  during  and  following  episodes  of  high 
strain.  In  the  same  population,  a  nitrogen-rich  group  of  stones  containing  traces  of  carbonate  and 
hydrogen  have  homogenous  blue  CL  structures.  These  diamonds  may  have  also  grown  rapidly, 
incorporating  abundant  impurites  (Navon  et  al.,  1988).  The  nitrogen-poor  diamond  group  may  have 
formed  at  lower  oxygen  fugacities  (Humbert  et  al.,  1997),  at  higher  temperatures  and  hence  higher 
rates  of  lattice  diffusion  (Watson,  1997),  or  in  a  more  nitrogen-depleted  environment,  than  the  high- 
nitrogen  diamonds. 
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MELTING  AND  METASOMATISM  IN  UPPER  MANTLE  PERIDOTITE 
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CONTRASTING  METASOMATIC  STYLES  IN  THE  TANZANIAN 
LITHOSPHERIC  MANTLE 
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Labait  (4°  34'S,  35°  26'E)  is  a  small  Quaternary  scoria  cone  with  an  associated  lava  flow,  that  lies 
adjacent  to  the  major  nephelinite/carbonatite  volcano  Hanang  at  the  southern  tip  of  the  Gregory  Rift 
Valley  in  North-Central  Tanzania.  The  scoria  and  lava  contain  garnet-bearing  and  garnet-free 
peridotite  xenoliths.  Geothermometry  of  the  garnet  peridotites  (Dawson  et  al.  1977)  indicates  a 
higher  geothermal  gradient  beneath  this  part  of  the  Gregory  Rift,  than  further  east  in  the 
Mozambique  Belt  and  on  the  Tanzania  Craton.  Further,  compared  with  primitive  mantle  (Taylor  and 
McLellan,1985)  the  garnet  peridotites  are  depleted  in  Si,  Ti,  Al,  Ca,  Na  and  K,  but  contain  higher 
concentrations  of  Nb,  Rb,  Th,  Pb,  and  Ba,  the  implication  being  that  they  have  undergone  a 
depletion  event  followed  by  a  cryptic  metasomatic  overprint. 

The  garnet-free  peridotites  are  lherzolite,  harzburgite  and  dunite  with  olivine  (Fog7_9Q),  enstatite 
(En9o=92>  AI2O3  1.2- 1.5  wt%,  CaO  0.5- 1.0  wt%),  clinopyroxene  (Ca/[Ca+Mg]  41.9-48.2),  and 
spinel  (5./.)  (Cr2C>3  43-53  wt%,  MgO  10-14  wt%,  and  some  lherzolites  and  dunites  contain 
texturally-equilibrated  Ti-phlogopite  {mg  91-92,  TiCb~3.5  wt%,  BaO  <0.4  wt%).  Some  samples 
have  veins  and/or  pools  of  glass  adjacent  to  which  primary  olivines  have  serrated  margins  with 
euhedral  protrusions  into  the  glass;  these  margins  are  more  magnesian  (F092)  and  calcic  (CaO  up  to 
0.25  wt%)  than  olivine  away  from  veins  (F090,  CaO  0.08  wt%).  Rims  of  peridotite  mica  protruding 
into  melt  patches  are  darker  brown  and  richer  in  Ti02  (5.66  wt%)  compared  with  the  light-brown 
primary  micas  (3.65  %). 

The  glass  patches  and  veins  contain  precipitated  Ti-augite,  high  Ti-phlogopite  {mg  80,  Ti02  >9 
wt9c)  and  spinel,  all  containing  less  Cr  and  Mg,  but  more  Fe  and  Ti  than  their  peridotite  analogues; 
harmotome,  two  unidentified  Ba-rich  phases,  perovskite  and  calcite  also  occur.  The  glasses  also 
contain  euhedral  olivine  grains  that,  because  of  their  optical  continuity  with  the  euhedral  protrusions 
from  the  primary  olivines  and  high  magnesian  content  (F092-93)  are  interpreted  as  relics  of 
partially-melted  primary  olivine  grains,  rather  than  having  been  precipitated  from  the  melts. 

The  glasses  include  high-FeO  (1 1.8  wt.%),  high-BaO  (18.5  %)  and  high-K^O  (13.3  %)  varieties,  and 
compositions  may  vary  between  veins  and  melt  pockets  within  single  specimens;  vesiculation  of 
some  glasses  and  low  analytical  totals  indicate  dissolved  volatiles. 

Similar  to  the  garnet-bearing  peridotites  at  Labait,  the  mica-free  spinel  peridotites  are  depleted  in  Si, 
Ca,  Al  and  Na  but  contain  higher  K,  Rb,  Ti,  Nb,Th,  Pb,  Zn  and  Ba  than  primitive  mantle,  reflecting 
a  similar  sequence  of  having  undergone  an  early  depletion  event,  followed  by  a  metasomatic 
overprint  that  is  particularly  highlighted  by  the  formation  of  phlogopite.  However,  the  presence  of 
high  Ba  and  most  of  the  relatively-low  Ca  appears  to  be  tied  to  melt  formation.  Although  some  glass 
compositions  could  be  generated  by  melting  of  phases  in  the  mica-bearing  peridotites,  there  is  a 
mass  balance  problem  with  Ti,  Ba  and  CCb  which  must  have  been  introduced  during  a  second 
metasomatic  event. 

The  absence  of  a  major  influx  of  Ca  but  significant  Ti  and  Ba  addition  during  the  Labait 
metasomatic  events  contrasts  with  metasomatism  observed  in  other  Tanzanian  peridotite  xenolith 
suites  in  the  Quaternary  volcanics  at  Lashaine  (Ridley  and  Dawson,  1975;  Dawson,  1987;  Rudnick 
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et  aL,  1994)  and  Olmani  (Jones  et  al.,  1983;  Rudnick  et  al.,  1993)  where  C02-rich  fluids  are 
believed  to  be  the  metasomatic  agent,  and  at  Pello  Hill  (Dawson  and  Smith,  1988)  where  the 
metasomatism  results  is  due  to  injection  of  a  silicate  melt  of  potassic  melilitite  composition.  Each 
have  different  and  distinctive  metasomatic  signatures,  indicating  a  variety  of  metasomatic  effects 
and  agencies  in  the  Tanzania  lithospheric  mantle. 
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Inclusion  Bearing  Cr-poor  and  Cr-rich  Garnet  Megacrysts  from  the  Group  II 
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Kimberlite  occurrences  near  Swartruggens  consist  of  a  number  fissure  intrusions  which  were  classified 
as  phlogopite  kimberlite  and  lamprophyre  by  Skinner  and  Scott  (1979).  The  lamprophyre  dykes  are 
barren  of  diamond  while  mining  of  the  kimberlites  has  been  in  progress  since  their  discovery  in  1 933. 
The  age  of  the  kimberlite  has  been  established  as  150  my  by  Allsopp  and  Kramers  (1977).  No 
published  data  exist  on  mantle  xenoliths  from  this  locality  and  previous  visits  to  the  dump  heaps 
yielded  very  few  samples.  In  this  study  approximately  five  hundred  garnet  megacrysts  were  obtained 
from  the  oversize  diamond  recovery  table  courtesy  of  the  mine  manager  Mr  Davidson  during  October 
1993.  During  processing  for  electron  microprobe  analyses,  a  number  of  samples  were  found  to 
contain  inclusions  of  clinopyroxene  and  orthopyroxene  within  the  garnet  host.  Electron  microprobe 
analyses  of  sixty-seven  mono-mineralic  garnets,  nine  garnets  with  clinopyroxene  and  orthopyroxene 
inclusions,  two  garnets  containing  orthopyroxene  inclusions  and  twenty-two  garnets  containing 
clinopyroxene  inclusions  are  discussed  in  this  study. 

Cr-poor  garnet  megacrysts  have  been  described  from  a  number  of  Group  II  kimberlites  (Daniels  and 
Gurney,  1989;  Moore  and  Gurney  1991;  Smith,  personal  communication)  whereas  only  a  limited 
number  of  clinopyroxene  megacrysts  from  Group  II  kimberlite  are  known.  These  include  clinopyroxene 
megacrysts  and  clinopyroxene  inclusions  in  garnet  megacrysts  from  the  Lace  kimberlite  (Smith  et.  al. 
1 995 ;  Bell  et.  al.  1 995)  and  an  unusual  assemblage  from  the  Kalkput  kimberlite  in  the  Karoo  (de  Bruin, 
1 995).  In  this  study  consideration  is  given  to  a  large  number  of  clinopyroxene  samples  that  are  clearly 
associated  with  garnet  megacrysts  in  a  Group  II  kimberlite.  The  presence  of  orthopyroxene  megacrysts 
in  a  Group  II  kimberlite  is  reported  for  the  first  time. 

The  mineral  chemistry  of  the  garnet  megacrysts  and  inclusions  of  clinopyroxene  and  orthopyroxene 
from  Swartruggens  are  shown  on  a  Ca-Mg-  Fe  ternary  diagram  (Figure  1).  The  megacryst  phases  are 
in  turn  subdivided  into  Cr-poor  and  Cr-rich  associations  on  the  basis  of  their  chemistry.  A  clear 
separation  is  evident  between  Cr-poor  and  Cr-rich  groups  of  the  garnet  host  and  the  accompanying 
clinopyroxene  and  orthopyroxene  inclusions  where  the  Cr-poor  groups  show  distinct  Fe  enrichment 
relative  to  the  Cr-rich  group.  A  group  of  samples  are  of  an  intermediate  nature  between  the  Cr-poor  and 
Cr-rich  groups  but  were  found  to  have  closer  affinities  to  the  Cr-poor  group. 

In  Figure  2a  comparison  is  made  between  the  compositions  of  clinopyroxene  megacrysts  derived  from 
Group  II  kimberlites  and  those  found  at  Monastery  (Jacob,  1 977).  It  can  clearly  be  seen  that  the  Cr-rich 
megacrysts  from  Swartruggens  overlap  in  composition  with  the  two  samples  from  Lace  and  that  a 
large  degree  of  overlap  is  found  for  samples  from  Kalkput.  This  clearly  shows  that  the  megacrysts  from 
Group  II  kimberlites  have  a  tendency  to  be  Mg#-rich  and,  to  a  lesser  extent,  to  be  Cr-rich  (Figure  2b). 
The  compositional  spread  of  the  Swartruggens  Cr-poor  megacryst  group  illustrates  the  presence  of  a 
truly  subcalcic  clinopyroxene  megacryst  population  in  a  Group  II  kimberlite. 
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Figure  1.  The  mineral 
composition  in  terms  of  Ca- 
Mg-Fe  components  of 
garnets  megacrysts  and 
coexisting  clinopyroxene  and 
orthopyroxene  inclusions 
from  the  Swartruggens 
kimberlite. 
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Figure  2  .  Ca#  vs  Mg#  (a)  and  Ca#  vs  Cr203  for  clinopyroxene  inclusions  in  garnet  megacrysts  from  the 
Swartruggens  kimberlite.  The  compositional  range  for  clinopyroxene  megacrysts  from  Monastery 
(Jacob,  1977)  is  shown  as  areas  outlined  by  vertical  and  diagonal  shading,  while  that  from  Kalkput  (de 
Bruin  1 995)  is  shown  as  vertical  shading.  Two  clinopyroxene  megacrysts  from  Lace  (Smith,  et.al  1 995) 
are  shown  by  large  open  crosses. 
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Introduction 

The  Kokchetav  Massif  (Northern  Kazaksthan)  is  one  of  the  few  places  in  the  world  where 
ultrahigh-pressure  (UHP)  metamorphic  rocks  of  crustal  origin  contain  microdiamonds.  The  genesis 
of  these  microdiamonds  continues  to  be  controversial. 

The  present  paper  reports  for  the  first  time  integrated  data  on  C  and  N  isotopes,  morphology, 
nitrogen  content  and  aggregation  state  of  alluvial  and  in  sfrz/-found  diamonds  from  gamet- 
clinopyroxenites  and  a  gamet-clinopyroxene-dolomite  rock.  They  support  in  s/Yw-formation  and 
place  the  genesis  of  the  Kokchetav  diamonds  within  the  broad  framework  of  plate  tectonics. 

Samples  and  methods 

Microdiamonds  from  two  different  types  of  metamorphic  rocks  of  the  Kokchetav  Massif  were 
isolated  from  ca.  200  g  rock  using  the  thermochemical  extraction  method.  Alluvial  diamonds  from 
the  northern  part  of  the  Kokchetav  Massif  were  also  examined  for  comparison  purposes. 

-  FTIR  analyses 

Individual  spectra  of  nine  diamond  crystals  from  gamet-clinopyroxenite  K76-94  and  five  from 
gamet-clinopyroxenite  2-4  were  examined.  All  analysed  crystals  are  yellow,  translucent  cuboids 
with  complex  morphology.  The  size  of  the  crystals  ranges  from  80  to  139  pm.  In  addition  three 
diamonds  from  a  gamet-clinopyroxene-dolomite  rock  K92-99  were  studied.  The  cuboids  included 
in  this  rock  are  pale  yellowish  with  a  size  of  50  pm.  Alluvial  diamonds  have  a  cubo-octahedral 
morphology  and  are  significantly  bigger  (from  202  to  320  pm).  In  order  to  examine  the 
homogeneity  of  the  diamonds  at  least  two  spectra  of  each  crystal,  examined  in  the  frame  of  this 
study,  were  collected. 

-  Combustion 

Three  diamond  samples  from  gamet-clinopyroxenite  2-4  and  three  from  gamet-clinopyroxene- 
dolomite  rock  K92-99  were  analysed.  The  samples  have  a  weight  ranging  in  the  order  of  0,2  to  2,5 

13  15 

mg.  The  experimental  combustion  procedure  used  for  8  C,  5  N  and  N  content  measurements  is 
that  described  by  Boyd  et  a/.  (1995). 

Results 

It  appears  that  diamond  samples  from  gamet-clinopyroxenites  are  more  yellowish  than  diamonds 
from  garnet-clinopyroxene-dolomite  rocks.  FTIR  analyses  demonstrate  that  diamonds  from  garnet- 
clinopyroxenites  have  a  very  high  nitrogen  content  (from  1 150  to  2930  +_20%  at.  ppm  N)  and  are 
all  of  type  Ib-IaA.  Because  of  their  smaller  size,  the  N  content  and  aggregation  state  of  diamonds 
from  dolomite  rock  are  unreliable. 
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A  correlation  between  N  content  and  colour  of  the  diamonds,  is  confirmed  by  combustion.  Indeed, 
using  this  method,  diamonds  from  gamet-clinopvroxenite  2-4  provide  average  concentrations  of 
2500  at. ppm  N  while  diamonds  from  gamet-clinopyroxene-dolomite  rock  only  bear  800  at. ppm  N. 
Compared  to  diamonds  from  gamet-clinopyroxenites  FTIR  demonstrates  that  alluvial  diamonds 
contain  a  relatively  high  nitrogen  content  (up  to  3770  at.  ppm)  and  that  their  aggregation  state 
varies  a  lot  (from  41  in  sample  T-86-4  to  81%IaA  in  sample  T-86-3). 

Diamonds  from  garnet-clinopyroxenites  are  characterized  by  water  (OH  and  H20  absorptions)  and 
carbonate  inclusions;  alluvial  diamonds  on  the  contrary'  do  not  contain  any  carbonate  inclusions  and 
no  or  only  minor  amounts  of  water.  IR  absorption  spectra  of  diamonds  from  dolomite-bearing  rock 
K92-99  are  very  noisy  although  clear  OH-absorptions  can  be  recognized. 

Both  diamonds  from  gamet-clinopyroxenites  and  alluvial  diamonds  show  a  variable  N  content  and 
aggregation  state,  even  within  single  crystals.  This  heterogeneity  and  the  absence  of  clear 
correlation  between  the  N  content  and  aggregation  suggest  that  T-t  estimations  based  on 
aggregation  state  have  to  be  used  carefully. 

Diamond  samples  from  clinopvroxenite  and  dolomitic  rock  do  not  vary  more  than  l%o  in  their  813C 

15 

and  plot  near  to  -10.5%o.  These  results  differ  from  those  reported  by  Pechnikov  et  al  (1993).  5  N- 
values  of  microdiamonds  from  a  garnet-clinopyroxenite  have  §  'N-values  of  about  +5%o  while 
diamonds  from  a  gamet-clinopyroxene-dolomite  rock  are  characterized  by  8  N-values  of  about 

+  10%o. 

.Morphology  and  diamond  growth 

All  investigated  microdiamonds  from  the  Kokchetav  Massif  testify  to  growth  in  the  diamond 
stability  field.  Their  morphological  variety  reflects  changing  growth  conditions.  Aggregates, 
cuboids,  cubo-octahedrons,  octahedrons,  macles,  skeletal  and  re-entrant  crystals  are  well 
represented  among  the  diamonds  of  the  Kokchetav  Massif.  However,  a  relationship  between  the 
diamond  morphology  and  the  nature  of  the  host  rock  has  been  observed:  cuboids  dominate  the 
diamond  population  of  gamet-clinopyroxenites  and  gamet-clinopyroxene-dolomite  rocks  while 
cubo-octahedrons  typify  biotite-gneisses. 

X-ray  topography  studies  (Martovitskiy  el  al .,  1987;  Shatsky  et  al ,  1997)  highlighted  that  most 
microdiamonds  have  a  core  surrounded  by  a  fibrous  textured-margin.  The  fibres  characterize  rapid 
growth  and  because  of  their  fragile  character  are  believed  to  have  formed  in  a  fluid.  This  was 
confirmed  by  FTIR.  The  presence  of  water  and  carbonate  inclusions  in  the  diamond  supports 
growth  from  a  fluid  phase.  Most  probably  the  inclusions  originate  in  the  fluid  that  is  trapped 
between  the  fibres. 

Origin  of  N  and  C 

Despite  of  a  similar  morphology,  diamonds  from  clinopyroxenite  and  dolomite-bearing  rock  can  be 
distinguished  by  their  contents  and  isotopes  of  N.  Diamonds  from  clinopyroxenite  have  8  N-values 
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of  about  +5%o  while  diamonds  from  the  second  rock  type  contain  8  N-values  ot  about  +10%o.  The 
diamond  population  of  each  rock  type  is  diagnostic  and  suggests  a  rather  restricted  mobility  of  the 
fluid  phase,  favouring  a  metasedimentary  origin. 


The  813C  value  of  -10.2%o  is  not  indicative  of  the  carbon  source.  Because  of  the  high  positive  5  N- 
values,  it  is  however  likely  that  the  carbon  and  nitrogen  source  of  the  diamonds  is  the 
metasedimentary  material.  More  detailed  investigations  are  needed  to  enforce  (or  not)  this  idea. 

About  the  diamond  origin 

The  analytical  results  show  that  diamonds  from  different  metamorphic  rocks  can  be  discriminated 
using  nitrogen  data.  The  presumption  is  that  diamonds  from  other  UHP  metamorphic  rocks  will 
also  bear  distinctive  characteristics. 

In  addition  to  arguments  given  by  Sobolev  and  Shatsky  (1990),  new  evidence  for  the  in  situ- 
formation  of  the  microdiamonds  is  given  in  this  study  :(i)  relationship  between  morphology  of  the 
diamond  and  composition  of  the  host  rock,  (ii)  correlation  between  nitrosen  content  and 
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composition  of  the  host  rock,  (iii)  all  FTIR  analysed  diamonds  are  of  type  Ib-IaA,  (iv)  8  N  values 
provided  by  diamonds  from  different  rock  types  are  different. 
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Studies  on  the  formation  of  diamonds  have  emphasized  their  complex  and  extended  growth  history. 
Evidence  has  come  from  the  S13C  and  trace  element  record  of  diamonds,  the  minerals  and  fluids  that 
they  include,  and  the  state  of  nitrogen  aggregation  in  them. 

Fluids  present  during  the  formation  of  diamonds  also  have  left  their  signature  in  kimberlitic  zircons. 
In  kimberlites  zircons  are  found  as  separate  discrete  minerals,  occurring  at  about  the  same 
concentration  level  as  diamonds,  as  accessories  in  metasomatized  veined  harzburgite  xenoliths,  and 
as  inclusions  in  diamonds.  Age  determinations  on  all  three  zircon  types  have  been  reported  in  the 
literature  and  have  lead  to  the  conclusion  that  in  some  kimberlite  environments  zircon  formation 
occurred  over  more  than  3  Ga,  terminating  shortly  before  kimberlite  eruption. 

The  time  span  recorded  in  zircons  is  consistent  with  the  degree  of  nitrogen  aggregation  observed  in 
diamonds.  Therefore,  it  can  be  suggested  that  diamonds  and  zircons  in  kimberlites  were  formed  in 
several  distinct  growth  environments  and  over  a  long  time  span.  The  last  phase  in  the  formation  of 
both  minerals  could  occur  shortly  prior  to  kimberlite  eruption,  and  the  fluids  responsible  for  their 
growth  might  well  also  be  responsible  for  the  formation  of  the  kimberlite  magma.  The  picture  which 
hence  emerges  is  one  in  which  fluids  moving  through  the  mantle  caused  metasomatism,  diamond 
and  zircon  formation  over  an  extended  period  and  culminated  in  the  formation  and  eruption  of  the 
kimberlite  magma. 

We  are  investigating  currently  whether  this  hypothesis  can  be  supported  and  documented,  in  greater 
detail,  by  examining  jointly  the  radiogenic  and  oxygen  isotope  record  of  kimberlitic  zircons  from 
several  kimberlites.  Our  sampling  and  analytical  strategies  are  governed  by  the  following 
observations:  1.  In  one  kimberlite  several  generations  of  zircons  can  occur.  2.  Within  individual 
zircon  grains  variations  in  chemistry  can  be  expected.  3.  Individual  zircon  grains  can  contain 
radiogenic  lead  of  different  provenances. 

Currently  we  are  investigating  a  suite  of  zircons  (64)  from  Orapa,  Botswana.  The  minerals  were 
recovered  as  part  of  the  diamond  separation  from  the  host  kimberlite.  The  kimberlite  was  crushed, 
and  underwent  a  heavy  mineral  separation  employing  an  Fe-rich  slurry.  Subsequently  the  heavy 
mineral  separate  was  treated  with  HF,  and  the  zircons  were  recovered  by  X-ray-fluorescence  along 
with  diamonds. 

The  zircons  show  a  multitude  of  shapes  and  coloring.  Fluorescence  colors  vary  from  white  grey 
through  light  blue  grey  to  yellow  orange  and  brownish  orange.  The  internal  fracturing  of  the  grains 
varies  from  intense  to  barely  detectable.  The  appearance  of  the  grains  suggests  the  presence  of 
several  populations.  The  differences  in  fluorescence  reflect  different  trace  element  concentrations. 
The  size  and  shape  of  the  zircon  grains  are  determined  by  the  process  of  crystallization,  subsequent 
abrasion  and  fragmentation  during  transport  in  the  kimberlite  eruption  as  well  as  possible  crushing 
in  the  milling  process.  The  first  two  of  these  factors  can  potentially  differ  for  separate  zircon 
generations.  Some  grains  are  well  rounded  and  have  very  regular  surfaces,  in  some  cases  these  are 
slightly  pitted,  and  have  the  appearance  of  pebbles.  Some  surfaces  appear  glassy  while  others  show 
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a  white  overgrowth  (baddeleyite).  Sharp  edges  suggesting  breakage  are  very  common.  Earlier 
studies  have  demonstrated  that  different  diamond  generations  can  be  recognized  in  a  kimberlite. 
However,  the  documentation  of  the  zircon  morphological  characteristics  was  probably  not  detailed 
enough  to  permit  the  detection  of  links  between  the  shape  of  zircons  and  their  geochemical 
properties.  We  have  used  different  measures  to  characterize  the  grain  mophology  in  order  to  be  able 
to  test  for  the  existence  such  links.  If  connections  between  the  zircon  appearance  and  geochemistry 
can  be  discovered,  these  would  aid  in  the  elucidation  of  the  history  of  the  mineral  and  could  guide 
future  sampling  strategies  for  kimberlitic  zircon  studies. 

The  weight  of  the  samples  ranges  from  5.64  mg  to  576.1  mg;  its  sampling  frequency  distribution 
has  a  mode  around  125  mg  and  is  skewed  toward  high  values.  From  the  weight  of  the  sample  and 
the  density  of  the  mineral,  one  may  compute  the  radius  of  an  equivalent  sphere  which  has  the  same 
mass  as  the  mineral  grain.  The  radii  vary  from  0.31  to  0.07  cm;  their  sampling  frequency 
distribution  may  be  bimodal. 

The  sphericity  of  each  grain  was  calculated  from  the  ratio  of  the  radius  of  the  equivalent  sphere  to 
the  measured  radius  of  the  circumscribing  sphere,  (Krumbein  and  Pettijohn,  1938).  The  sphericity 
of  the  zircons  is  normally  distributed  with  a  mean  of  0.71  and  a  standard  deviation  (std.)  of  0. 1 .  The 
zircons  can  be  classified  by  sphericity  into:  high  (more  than  1  std.  above  the  mean),  average  (one 
std.  around  the  mean),  and  low  (below  one  std.  of  the  mean).  The  radius  of  the  equivalent  sphere 
and  the  sphericity  are  correlated.  Larger  grains  have  higher  sphericity.  This  could  be  explainable  if 
the  smaller  grains  represented  mainly  fragments  of  larger  grains.  In  this  case  the  roundness  of  the 
smaller  grains  would  be  expected  to  be  lower.  Roundness  was  classified  according  to  the  classes  of 
Folk  (1955)  (Dietrich  R.V.et  al.,  1982  ).  No  particular  relationship  between  roundness  and  weight  of 
the  samples  or  the  estimated  preserved  volume  of  the  samples  was  found.  This  is  taken  as  an 
indication  that  the  smaller  grains  are  not  simply  the  result  of  the  break  up  of  larger  grains. 

Zingg  (1935)  classified  grain  shapes  on  the  basis  of  the  ratios  of  the  major  axes  (A,  B,  and  C).  The 
major  axes  were  measured  for  each  grain.  About  half  of  the  grains  fall  into  Zingg’ s  class  I 
(spherical)  25%  into  class  IV  (rod-like),  14%  into  class  I  (disc-shaped)  and  1 1%  into  class  III 
(bladed). 

The  maximum  radius  of  curvature  of  each  grain  was  also  estimated;  its  frequency  distribution  shows 
a  peak  at  0.8  cm  with  skewness  toward  smaller  radii.  From  the  largest  estimated  diameter  the 
original  volume  of  the  zircon  grain  can  be  computed  and  compared  to  the  volume  of  the  equivalent 
sphere,  evaluated  from  the  mass  of  the  grain.  This  yields  an  estimate  of  the  fraction  of  original 
zircon  volume  which  remains.  The  maximum  of  the  preserved  volume  is  about  80%  and  the 
minimum  is  close  to  zero.  The  frequency  distribution  of  the  estimated  remaining  volume  may  be 
bimodal  with  a  major  mode  at  about  20%  and  a  minor  one  between  50  and  70%.  This  suggests  that 
most  of  the  zircon  samples  represent  only  a  small  fraction  of  the  original  grain. 

The  length  of  the  major  axes,  A,  B  and  C,  may  be  used  to  compute  the  volume  of  a  corresponding 
ellipsoid  which  can  be  compared  with  the  actual  volume  of  the  grain.  This  ratio  has  been  called 
ellipsoidicity.  The  ellipsoidicity  values,  determined  for  the  grains,  range  from  about  0.7  to  1.7. 
Values  larger  than  one  indicate  that  the  computed  volume  is  in  excess  of  an  ellipsoid  of  dimensions 
A/2  B/2  C/2  (half  major  axes),  which  is  the  case  if  the  grains  were  box-shaped  rather  than 
ellipsoidal.  About  22%  of  the  grains  are  well  represented  by  an  ellipsoid,  66%  show  an  excess 
computed  volume  and  12%  of  the  zircons  have  volumes  that  are  not  well  represented  by  an 


ellipsoid.  Half  of  the  last  group  show  a  high  degree  of  sphericity. 

In  view  of  the  reported  concentration  variations  of  U  and  Th  in  zircons,  the  suggested  presence  of 
two  generations  of  radiogenic  lead  in  some  zircons,  and  our  plan  to  determine  the  Pb  and  Hf 
isotopic  composition  of  zircons  to  collect  age  information,  it  was  thought  prudent  to  examine  the 
oxygen  isotopic  composition  of  individual  zircons  in  some  detail.  Zircons  retain  the  oxygen  isotope 
record  well,  even  at  elevated  temperatures  (Valley  et  al,  1994,  Gilliam  and  Valley,  1997). 

Detailed  oxygen  isotope  studies  (127  analyses  on  six  grains)  have  been  carried  out  using  a  laser 
fluorination  line.  Analysis  of  variance  of  the  collected  data  demonstrates  that  significant  differences 
in  oxygen  isotopic  composition  within  and  among  zircon  grains  exist.  The  internal  variability  is 
characterized  by  an  average  standard  deviation  of  0.38  o/oo.  The  oxygen  isotope  variations  across 
the  grains  are  not  random,  segments  of  distinct  S180  values  can  be  discerned. 

The  mean  weighted  isotopic  compositions  of  the  grains  lie  between  5.42  and  5.84  o/oo  vs.  SMOW 
and  fall  in  the  range  reported  by  Schulze  et  al.  (  1996  ).  Two  of  the  samples  have  isotopic 
compositions  of  5.42  and  5.35  respectively  while  the  isotopic  composition  of  the  remaining  four  lies 
between  5.64  and  5.84.  The  two  samples  with  lower  618  O  values  have  the  highest  sphericities  of  the 
zircons  analyzed. 

The  data  collected  to  date  on  the  Orapa  zircons  indicate  that  on  the  basis  of  their  shape  and  oxygen 
isotope  data  separate  populations  can  be  recognized.  The  internal  oxygen  isotope  variability  is  larger 
than  expected  and  indicates  that  individual  zircon  grains  have  experienced  more  than  one  stage  of 
growth. 
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Geochemical  and  isotopic  (Sr,  Nd)  study  of  eclogite  nodules  from  the  Mbuji 

Mayi  kimberlite,  Kasai,  Congo. 

Nature  of  the  protoliths  and  evidence  for  mantle  metasomatism 

Demaiffe,  D.1,  El  Fadili,  S.1,  and  Andre,  L.2 

1.  Univ.  Libre  de  Bruxelles,  Geochimie  Isotopique  (CP  160/02).  50,  Av.  Roosevelt,  1050,  Bruxelles,  Belgium 

2.  Musee  Royal  de  l'Afrique  Centrale,  3080  Tervuren,  Belgium. 

The  70  Ma  old  diamond-rich  Mbuji  Mayi  kimberlites  (Kasai,  Congo)  contain,  beside  the  typical 
megacryst  suite,  abundant  eclogite  nodules.  Three  groups  were  distinguished  petrographically: 

-  the  typical  bimineralic  eclogites  consisting  mainly  of  garnet  and  omphacitic  clinopyroxene;  accessory 
phases  are  sometimes  present :  rutile,  phlogopite,  quartz,  pargasite,  zoisite,  apatite  and  whitlockite. 

-  kyanite-bearing  eclogites  (1  to  25  modal  %  of  kyanite)  which  are  characterized  by  remarkable 
kyanite-omphacite  intergrowths. 

-  diamond-bearing  eclogite  :  only  one  sample  has  been  found  out  of  1 52  studied  nodules. 

The  companion  abstract  (El  Fadili  and  Demaiffe,  this  volume)  gives  more  complete  petrographic 
description  of  these  nodules  as  well  as  mineral  chemistry  data  ,  P.T  estimates  and  a  summary  of 
metasomatic  effects  registered  by  the  nodules. 

Analyzed  whole  rock  major  element  compositions  of  bimineralic  eclogites  are  broadly  basaltic  (43-53 
%  Si02;  8-17  %  A1203;  10-13  %  CaO;  Mg#  =  46-73)  with  low  K20  (<0.2  %)  and  Ti02  (avg.  0.15  %) 
contents,  suggesting  a  subalcaline  affinity.  Kyanite-bearing  eclogites  are  peraluminous  (17-28  % 
A1203)  with  high  CaO  content  (up  to  15  %);  their  Mg#  vary  from  42  to  64.  The  diamond-bearing 
eclogite  is  distinguished  by  its  low  CaO  content  (5.8  %);  its  Mg#  is  46. 

The  primitive  mantle-normalized  spidergrams  show  conspicuous  positive  Ba,  Sr  and  Pb  anomalies; 
they  are  significantly  higher  for  kyanite-bearing  eclogites  (avg.  Ba/Ba*=  21;  Sr/Sr*=  6.5  and  Pb/Pb*= 
6.3)  than  for  bimineralic  samples  (avg.  Ba/Ba*=  8.6;  Sr/Sr*=  4.9  and  Pb/Pb*=  2.8).  The  diamond 
eclogite  exhibits  only  a  slight  positive  Sr  anomaly  (Sr/Sr*=  1.2).  A  Nb  enrichment  is  observed  for 
some  rutile-bearing  eclogites.  Systematic  Zr,  Hf  and  Ti  depletions  (except  for  diamond  eclogite)  could 
result  from  the  HFSE  mobility  during  the  eclogite  formation. 

Analyzed  whole  rock  REE  concentrations  are  low  (ZREE=  1 1-47  ppm).  The  diamond-bearing  sample 
has  a  REE  pattern  quite  similar  to  those  of  N-MORB  that  is  a  LREE-depleted  pattern  (LaN  =  5  and 
(La/Yb)N=  0.55),  no  Eu  anomaly.  Bimineralic  eclogites  are  more  LREE-enriched  (LaN=  2-60, 
(La/Yb)N=  2-30),  but  have  less  pronounced  positive  Eu  anomalies  (Eu/Eu*=  1.06-1.25)  than  kyanite- 
bearing  samples  (LaN=5-20,  (La/Yb)N=  2.1-8,  Eu/Eu*=  1.66-2). 

Trace  element  compositions  of  six  leached  gamet-clinopyroxene  pairs  were  measured  by  conventional 
ICP-MS.  Cpx  have  global  REE  distribution  patterns  comparable  to  those  of  clinopyroxenes  from  other 
mantle-derived  eclogites  :  LREE  enriched  trends  with  LaN=  2  to  185  and  (La/Yb)^  6  to  289;  Taylor 
and  Neal,  1989;  Snyder  et  al.,  1997).  The  clinopyroxene  from  kyanite-bearing  eclogite  has  significantly 
lower  LREE  content  ((La/Yb)N-  20),  but  more  pronounced  positive  Eu  anomaly  (Eu/Eu*=  2)  than 
those  from  bimineralic  samples  ((La/Yb)N=  23  to  252,  Eu/Eu*=  1-1.5).  The  clinopyroxene  from 
diamond-bearing  eclogite  is  characterized  by  its  much  less  fractionated  pattern  ((La/Yb)N  =  2.85)  with  a 
lack  of  Eu  anomaly. 

Most  analyzed  garnets  show  sinusoidal  REE  patterns  with  LREE  and  HREE  enrichments  ((La/Nd)N  = 
1.2  to  2.75  and  (Sm/Yb)N  =  0.1  to  0.6)  and  a  relative  MREE  depletion.  Similar  patterns  have  been 
observed  by  Shimizu  (1975)  and  Hoal  et  al.,  (1994)  for  garnets  of  peridotite  and  kimberlite 
concentrates.  Only  the  garnet  of  the  diamond-bearing  eclogite  has  "normal"  REE  pattern,  that  is  a 
pronounced  LREE  depletion  :  (La/Nd)N=  0.4  and  (La/Yb)N=  0.05. 

To  understand  these  abnormal  garnet  REE  patterns,  the  same  minerals  were  analyzed  in  situ  by  Laser 
Ablation  Microprobe  (LAM)  coupled  to  an  ICP-MS.  Most  garnet  and  cpx  grains  appear 
compositionnally  homogeneous  and  show  normal  REE  patterns  :  LREE-enriched  convex  upwards  for 
clinopyroxene  and  LREE-depletion  for  garnet.  By  contrast,  garnet  and  clinopyroxene  grains  adjacent 
to  phosphate  phases  (whitlockite  or  apatite)  show  large  variations  of  their  LREE  contents.  In  a  given 
grain,  the  LREE  contents  increase  regularly  from  "normal"  values  far  (500  pm)  from  the  REE-rich 
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mineral  to  much  higher  contents  close  to  the  whit/ga  or  whit/cpx  boundary  (Fig.  1 ).  Other  trace 
elements  enriched  in  the  phosphate  like  Pb,  P  and  Sr  show  the  same  behaviour.  By  contrast,  the 
elements  at  very  low  concentrations  in  the  phosphate  (such  as  Co  and  Sc)  are  not  modified  in  the 
garnet  and  clinopyroxene.  These  concentration  profiles  suggest  that  the  LREE,  P,  Pb  and  Sr  have 
diffused  from  the  phosphate  towards  adjacent  garnets  and  clinopyroxenes.  The  texture  of  whitlockite 
or  apatite  reflects  a  patent  metasomatism  which  occurred  prior  to  the  kimberlite  eruption. 

Hoal  et  al.  (1994)  show  that  the  sinusoidal  REE  patterns  occur  for  refractory  (Fe-poor)  garnets  and 
represent  a  disequilibrium  during  the  metasomatic  re-equilibration.  By  contrast,  fertile  (Fe-rich) 
garnets  are  in  equilibrium  with  the  metasomatic  fluid  and  have  normal  REE  patterns.  The  garnet  from 
diamond  eclogite  has  a  low  Mg#  of  57  (compared  to  those  of  other  samples:  Mg#=66-70)  and  a  normal 
REE  pattern.  These  features  could  result  from  equilibration  with  the  metasomatic  fluid  or  could  reflect 
either  a  different  region  source  or  a  higher  equilibration  pressure  than  for  the  other  eclogites. 

In  order  to  better  constrain  the  composition  of  the  protoliths  and  to  subtract  the  metasomatic  effects, 
major  and  trace  element  whole  rock  compositions  were  reconstructed  by  using  the  modal  proportions 
and  chemical  compositions  of  primary  phases  (garnet,  clinopyroxene,  kyanite,  quartz  and  primary 
rutile). 

Compared  to  the  analyzed  WR,  the  recalculated  compositions  are  characterized  by  decreases  in  Ti02 
and  K20,  and  unexplained  enrichment  in  Na20  (Sobolev  et  al.,  1994  and  Snyder  et  al.,  1997  observe 
the  same  behaviour).  For  the  other  major  elements,  the  recalculated  and  analyzed  compositions  are 
quite  similar. 

The  positive  Ba,  Sr  and  Pb  anomalies  in  the  spidergrams  persist  for  recalculated  compositions.  The  Nb 
enrichment,  observed  in  analyzed  WR,  disappears  in  recalculated  WR.  Recalculated  WR  (Fig.2)  show 
systematically  lower  LREE  contents  than  the  analyzed  whole  rocks;  the  HREE  contents  and  the  Eu 
anomalies  remain  unchanged. 

These  data  show  that  the  metasomatic  fluid  that  interacted  with  the  eclogites  introduced  Ti,  Nb,  K,  Rb, 
Sr,  Ba,  P,  LREE,  H20,  F...).  These  elements  were  fixed  in  newly  formed  rutile  (Ti,  Nb),  phlogopite  and 
pargasite  (K,  Rb,  Ba,  Ti,  Sr,  Pb,  H20,  F),  apatite  (P,  REE),  zoisite  (REE)  or  in  the  thin  veins  cross¬ 
cutting  the  nodules. 

The  Rb  and  Sr  contents  and  the  Sr  isotopic  compositions  have  been  measured  in  whole  rocks  and  in  6 
leached  garnet  and  clinopyroxene  separates.  Analyzed  WR  have  variable  measured  Rb/Sr  and  87Sr/86Sr 
ratios  (0.0056-0.1291  and  0.70350-0.71078  respectively).  Clinopyroxenes  are  quite  homogeneous  with 
low  Rb/Sr  ratios  (0.0008-0.0027)  and  measured  87Sr/86Sr  in  the  narrow  range  0.70402-070497.  Garnets 
have  low  Rb  and  Sr  contents  (<0.4  ppm  and  <14  ppm  respectively)  with  Rb/Sr  and  87Sr/86Sr  ratios  in 
the  range  0.0123-0.1289  and  0.70458-0.70637.  For  a  given  sample,  WR,  ga  and  cpx  data  points  do  not 
define  linear  array,  so  that  age  determinations  are  not  possible.  The  Sr  isotopic  system  has  obviously 
been  disturbed. 

Sm  and  Nd  contents  and  143Nd/144Nd  ratios  have  been  obtained  on  the  same  samples.  The  Nd  isotopic 
compositions  are  roughly  correlated  with  !47Sm/144Nd  ratios;  the  complete  data  set  yields  a  rough  age 
indication  of  2649  +-  260  Ma  with  an  initial  £Nd  of  +2.4  (Fig. 3).  For  3  samples,  internal  Sm-Nd 
isochrons  give,  within  error  limits,  similar  age  estimates  of  2586  +/-308  Ma,  2655  +/-360  Ma,  and 
2745+/-232.  These  computed  ages  are  quite  comparable  to  the  U-Pb  upper  intercept  age  of  2528  +-452 
Ma  obtained  for  45  analyses  of  baddeleyite  and  zircon  megacrysts  (Scharer  et  al.,  1997).  This  confirms 
that  the  eclogitic  metamorphism  is  of  late  Archean  age.  On  the  contrary,  for  the  3  analyzed  eclogites  in 
which  metasomatic  minerals  (phlogopite,  zoisite,  apatite  and  whitlockite)  are  quite  abundant,  the  ga- 
cpx  pairs  give  meaningless  or  even  negative  ages.  This  behaviour  is  interpreted  as  another  evidence  for 
the  interaction,  at  various  degrees,  between  a  LREE-rich  metasomatic  fluid  and  eclogites  within  the 
mantle. 

The  positive  Ba,  Sr,  Pb  and  Eu  anomalies  correlate  with  the  high  A1203  and  CaO  contents,  which 
suggests  that  the  protoliths  of  kyanite  eclogites  were  plagioclase-rich  rocks  (cumulate  gabbros, 
anorthosites).  The  protoliths  of  bimineralic  eclogites  were  less-  or  not  enriched  in  plagioclase  and 
probably  correspond  to  basalts. 

These  eclogites  were  variously  affected  by  (several  ?)  metasomatic  events  marked  by  the  presence  of 
newly  formed  minerals  and  veins,  and  in  some  cases  by  the  sinusoidal  REE  pattern  of  garnets. 


Fig.  1 .  REE  variations  in  a  single  garnet  (Ga)  grain  at  the  contact  with  whitlockite. 

Fig.2.  Recalculated  (rec)  and  analyzed  (anal)  whole  rock  REE  patterns  for  Mbuji  Mayi  eclogites 
Bimineralic  eclogite:  F240-18;  Kyanite-bearing  eclogite:  F220-7  and  Diamond-bearing  eclogite:  JCD3 
Fig.3.  147Sm/144Nd  vs.  143Nd/144Nd  isochron  diagram  for  gamet-clinopyroxene  pairs. 
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Some  Characteristics  of  High  Level  Tertiary  Age  Alluvial  Terraces  along  the 
Orange  River  between  the  towns  of  Douglas  and  Prieska,  Northern  Cape  Province, 

South  Africa. 

De  Meillon,  L.  \  and  Bristow,  J.  W.2 

1.  Moonstone  Diamonds,  4  Diomedes  Street  Kimberley,  8300,  South  Africa 

2.  Cigard  Consulting,  Box  1 1946,  Hatfield,  0028,  South  Africa 

Although  the  first  diamond  in  South  Africa  was  discovered  along  the  Orange  River,  near  the  town  of 
Douglas,  this  area  has  not  seen  the  same  intensity  of  prospecting  and  mining  that  has  been  the  case  for 
the  lower  reaches  of  the  river.  Past  digging  activities,  recent  small  scale  mining  and  modem 
sedimentological  studies  have  shown  that  several  diamondifererous  terrace  gravel  deposits  exist  in  the 
Douglas  -  Prieska  area.  Deposits  exist  as  a  series  of  high  level  terraces,  typically  enriched  in  banded 
ironstone  clasts  and  overlain  by  Rooikoppie  or  derived  gravels,  a  series  of  intermediate  terraces,  and 
low  level  terraces  adjacent  to  the  present  Orange  river  drainage. 

Past  diamond  mining  activities  in  the  Douglas  area  have  been  restricted  mainly  to  the  Rooikoppie  or 
derived  gravels  and  the  younger  terraces  adjacent  to  the  river.  The  derived  gravel  horisons  were  formed 
through  preferential  destruction  of  certain  clasts  during  calcretisation.  Subsequent  weathering  of  the 
calcrete  left  a  diamond  bearing  deposit  consisting  mainly  of  siliceous  clasts  and  diamonds.  Historical 
data  of  diamond  recoveries  from  these  derived  gravel  horizons  indicate  a  significant  increase  in  diamond 
recoveries  from  areas  with  a  high  proportion  of  banded  ironstone  clasts.  Underlying  gravel  horisons 
have  been  exposed  only  at  a  limited  number  of  locations. 

Clast  sizes  noted  in  the  high  level  terraces  suggest  deposition  by  a  river  system  much  larger  than  the 
present  Orange  with  input  from  several  drainage  basins  over  various  periods  of  time.  Variations  in  clast 
lithologies  between  terraces  of  similar  elevation  suggest  that  the  area  -60  km  west  of  Douglas  could 
have  been  the  site  of  the  confluence  of  two  major  river  systems  (McCarthy,  1983).  Sedimentary 
structures  have  been  largely  destroyed  during  various  stages  of  calcretisation,  though  excavations  made 
as  a  consequence  of  prospecting  operations  have  allowed  systematic  studies  of  these  deposits. 

Diamond  concentration  in  the  older,  high  level  terraces  are  controlled  to  a  large  degree  by  bedrock 
features  and  clast  sizes.  The  bedrock  of  most  of  the  terraces  consists  of  Dwyka  Tillite  or  shales  which 
are  generally  not  conducive  to  the  entrapment  of  diamonds  in  economical  exploitable  quantities.  At 
certain  locations  however,  bedrock  irregularities  coupled  with  large  clast  sizes  form  stable  trapsites. 
These  bedrock  features  are  generally  not  as  spectacular  as  those  seen  lower  down  the  Orange  River  and 
in  many  cases  appear  to  be  subtle  and  indescript.  Diamond  characteristics  and  size  distributions  suggest 
a  proximal  source  with  diamond  concentration  resulting  from  the  turbulence  and  trapsite  material 
introduced  at  the  confluence  of  two  major  river  systems. 

Intermediate  terraces  in  the  area  contain  a  similar  percentage  of  banded  ironstone  clasts  as  found  in  the 
higher  level  terraces  at  certain  locations,  though  recent  small  scale  mining  tends  to  indicate  that  these 
terraces  generally  have  lower  diamond  grades.  The  lowest  terraces  adjacent  to  the  present  river  bed 
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contains  a  much  lower  percentage  of  banded  ironstone  clasts.  They  typically  have  low  diamond  grades 
but  diamonds  found  in  these  deposits  are  typically  of  very  high  grade. 
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A  REINTERPRETATION  OF  THE  LICHTENBURG  DIAMOND  DEPOSITS 
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Diamonds  in  the  sedimentary  deposits  north  of  Lichtenburg  were  discovered  in  1926. 
Since  then  close  to  8  million  carats  of  diamonds  have  been  produced,  predominantly 
during  the  early  stages  of  the  digging  operations.  Diamonds  are  preserved  in  sediments 
that  have  slumped  in  a  karst  topography  of  almost  horizontally  bedded  Transvaal 
dolomites.  They  have  been  subdivided  into  a  lower  and  an  upper  unit  of  uncertain  age. 
The  lower  unit  is  generally  chaotic,  poorly  sorted,  and  clay  rich.  The  upper  unit  contains 
some  degree  of  sorting,  is  graded  and  has  been  interpreted  as  a  fluvial  succession. 
Geomorphic  studies  suggest  that  the  lower  unit  may  be  of  Late?  Cretaceous  age  while  the 
upper  unit  could  be  Middle  to  Late  Tertiary  in  age.  These  deposits  have  long  been 
interpreted  as  remnants  of  fluvial  systems  that  transported  the  diamonds  from  an  outside 
source  area,  probably  somewhere  to  the  north.  The  Swartruggens  kimberlites,  some 
70km$  to  the  northeast,  have  been  quoted  as  a  possible  source. 

However,  the  poor  quality  of  the  diamonds,  local  variations  of  diamond  characteristics 
and  the  chaotic  nature  of  the  lower  unit  are  difficult  to  explain  as  being  the  result  of  a 
river  with  a  distal  source.  Detailed  studies  of  the  lower  unit  seem  to  indicate  that 
kimberlitic  minerals  increase  in  abundance  with  depth,  especially  in  the  major  potholes. 
These  minerals  were  also  recovered  from  highly  altered  igneous  material  attached  to  a 
vertical  dolomite  wall  in  one  of  the  major  ‘potholes’.  Analyses  of  these  minerals  by 
electron  microprobe  suggest  that  the  major  mineral  chemistry  are  different  to  those 
associated  with  the  nearest  known  diamondiferous  kimberlites  both  to  the  north  and 
south.  The  morphology  and  dimensions  of  some  of  the  main  ‘potholes’,  which  were  the 
principle  sources  of  diamonds,  strongly  resemble  ‘pinch  and  swell’  features  so  typical  of 
fissure  or  dyke  systems.  Many  of  these  types  of  ‘potholes’  or  yamas  occur  isolated  from 
the  main  diamodiferous  runs  and  there  is  no  continuity  or  fluvial  connection  between 
these.  Generally,  these  ‘potholes’  are  surrounded  by  a  thin  sheet-like  deposit  of 
diamondiferous  rubble  of  residual  chert  and  occasional  quartzite  pebbles  set  in  a 
ferrunginised  sandy  matrix. 

Detailed  geophysical  surveys  indicate  that  the  main  east-west  orientated  ‘channel’  or 
‘run’  is  structurally  controlled  and  associated  with  some  major  sinkholes  and  gravity 
anomalies.  Sediments  of  the  upper  unit  dominate  these  runs. 

The  present  geological  interpretation  is  that  the  lower  units  are  associated  and  underlain 
by  a  system  of  kimberlite  dykes  with  isolated  blows.  These  were  intruded  into  an  already 
karstified  terrain.  Karstification  has  been  active  since  pre-Cambrian  times,  and  this  has 
had  an  adverse  affect  on  the  local  stratigraphy  and  the  preservation  of  the  postulated 
kimberlites.Hence  it  is  not  clear  whether  these  intrusions  preceded  or  post-dated  Karoo 
sedimentation.  The  presence  of  unabraded  agates  of  possible  Karoo  heritage  favours  a 
Jurassic/Cretaceous  intrusion  age.  Finally,  a  major  unconformity  is  present  between  the 
lower  and  upper  gravels;  the  latter  being  part  of  a  local  Late  Tertiary  drainage  system  that 
has  reworked  some  of  the  lower  units  into  locally  very  rich  deposits. 
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The  classic  models  of  kimberlite  eruption  include  explosive-boring  volcanism,  fluidization, 
and  hydrovolcanism  briefly  reviewed  in  (Mitchell,  1986).  All  the  models  have  both  positive  and 
negative  features.  Source  of  explosion  energy  is  one  ot  the  most  important  problem  discussed. 

We  present  here  new  constraints  to  physical  model  of  kimberlite  formation  based  on  a  theory 
of  physical  vacuum.  The  kimberlite  pipes  are  considered  as  a  intrusion  of  vacuum  domain  (XT))  into 
the  lithosphere.  The  problems  of  intrusion,  movement  and  explosion  of  VD  in  the  Earth  crust  are 
solved  using  a  model  of  non-homogenous  physical  vacuum  (NPV)  (Dmitriev,  Dyatlov,  1996).  NPV 
as  a  localized  space  volume,  is  described  via  a  model  of  macroscopic  electrogravidynamics  (Dyatlov, 
1995). 

The  explosion  model  considers  quasi-statical  case  and  establishes  deep-seated  field 
interaction  between  VD  and  solid  rocks,  which  takes  into  account  a  partial  time  derivative.  Well 
known  electric  and  magnetic  field  equations  in  quasi-static  approximation,  where  time  delay  caused 
by  electric  wave  propagation  is  equal  to  0,  are  also  used 

Macroscopic  electrogravidymamics  deal  not  only  with  an  electric  waves  length  but  also  with 
a  length  of  gravispin  waves.  Studied  in  this  model  portion  of  space  includes  VD  body  and  its  nearest 
neighbourhood. 

In  quasi-static  approximation  (Dmitriev,  Dyatlov,  1998),  the  problems  of  electric  field  and 
electric  current  and  problems  of  magnetic  field  and  electric  current  are  divided  Besides,  problems  of 
electric  gravitation  and  problems  of  magnetospinorics  are  also  separated.  Main  problems  of  deep- 
seated  explosion  of  VD  are  solved  using  our  methodologies  and  groups  of  equations  in  electric 
gravitation  and  magnetospinorics.  General  postulates  of  VD  theory  may  be  considered  as  following: 

1 .  .An  existence  of  VD  is  proved  by  numerous  records  of  natural  self-luminous  bodies  in  the 
atmosphere  and  near-the-Earth  space  Spherical  bodies  vary  from  cm  (for  example  fireball)  to  km 
order  (Dmitriev  et  al.,  1992)  There  are  dozens  of  descriptions  of  VD  explosion  in  the  atmosphere 
with  energy  emission  up  to  several  megatons  (trinitrotoluene  equivalent). 

2.  As  VD  can  easily  penetrate  into  solid  space,  an  estimation  of  the  attraction  force  of  VD  to 
the  Earth  is  considered  (Dmitriev,  Dyatlov,  1998).  It  is  found  that  this  force  is  proportional  to  VD 
radius  cubed  (R3).  Therefore,  bigger  VD,  faster  it  attracts  to  the  Earth  and  intrusion  to  the 
lithosphere.  Field  mapping  of  VD  occurrence  as  self-luminous  bodies  allowed  conclusion  that  VD 
were  found  within  areas  having  specific  geophysical  features.  Presence  of  active  faults,  large  regional 
or  local  high-gradient  and  sign-reversed  magnetic  anomalies,  anomalous  electric  conduction,  and 
deep-seated  electric  generation  are  necessary.  We  have  to  emphasize  that  Yakutian  kimberlite 
province  satisfies  all  these  conditions. 

3 .  The  problem  of  VD  intrusion  into  conductive  matter  and  the  equations  for  current  density 
in  electric  conductive  matter  were  prodused  (Dmitriev,  Dyatlov,  1998).  It  was  shown,  that  VD  can 
turn  to  electric  and  gravitational  dipole  in  air  at  low  density  of  matter.  If  the  air  density  is  not  equal 
to  0  VD  transforms  to  coupled  electric  mono-charge: 

q=[-a/n0]x[pGV],  (1) 
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where  V  is  VD  volume,  a?  is  electrogravitational  coupling  constant  (aE~l),  r|o=  1161  kg/K,  p'—at-rio' 
]pG  is  density  of  coupled  polarization  electric  charge,  pG-  air  density  (1293  kg/M3).  The  electric  field 
on  VD  surface  is  described  by  equation: 

E=p'x[R/(3e0)],  (2) 

where  R  is  a  radius  of  VD  sphere,  s0=8.85xlO'12F/m.  E=-4,18  -  -4,1 8x1 03  V/m,  if  R=  1-1 000  m,  and 
a£=l.  Thus,  VD  in  the  atmosphere  has  weak  electric  mono-charge  and  insufficient  electric  field, 
which  is  not  enough  to  produce  electric  sparkover  of  air,  and  accompanied  depolarization  is 
practically  negligible.  It  explains  durable  existence  of  VD  in  the  atmosphere. 

4.  VD  depolarization  in  the  lithosphere  (first  10-15  km)  speeds  up  steeply  due  to  changes  in 
density  and  physical  state  of  matter.  According  to  (1),  electric  mono-charge  rises  in  factor  of  3-4 
comparing  with  its  magnitude  in  air,  if  pG=103-104  kiVm3.  VD  depolarization  in  the  lithosphere  is 
accounted  for  by  electric  conduction  current. 

The  density  of  heat  power  are  connected  with  density  of  conductive  current  within  and 


outside  of  VD  as: 

P  j=JE  =,/r2/o ,  (3) 

where  a  is  specific  resistance.  Extracted  heat  power  within  VD  is 

Pii=[47cp,2]/[9x5oT2]xe('2tT)R5,  (4) 

extracted  heat  power  outside  of  VD  (in  nearest  neighbourhood)  is 

PTe=[47ip'2]/[9aT2]xe(-2lT)R5,  (5) 

combined  heat  power  is 

PT=PTi+PTc=[2x4jtp'2]/[3  x50T2]xe('2tT)R5,  (6) 

Energy  of  VD  contact  with  electric  conductive  rock  derived  from  equations  (4-6)  is 
Wt=  J*  PTdt=[p’2R2]/[5se0{  l-as2/e}]xV,  (7) 


where  V=47tR3/3  is  a  volume  of  VD  sphere,  e  has  complex  physical  means  but  its  most  simple 
explanation  is  a  electrogravitational  coupling  parameter.  s>0  for  positive  VD,  s<0  for  negative  VD 
Using  Maxwell  equations  for  rate  of  relaxation,  a  depolarization  in  geological-geophysics 
media  occurs  in  regime  of  explosive  energy  emission  Wt,  i.e.  «contact»  explosion  takes  place.  This 
explosion  has  energy  density  described  as 

Wt=WtA'=[P'2R2]/[5ee0  { 1  -a^/s }  ] .  (8) 

From  (8)  the  explosion  energy  is  proportional  to  radius  of  VD  sphere  and  has  magnitude  near 
106J/m3,  if  R=lkm.  During  a  field  trip  to  Altay  mountains,  one  of  the  authors  observed  the  VD 
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sphere  8  km  in  diameter  (Dmitriev  et  al.,  1992).  Hence,  if  such  a  sphere  would  produce  «contact» 
explosion  in  shallow  lithosphere,  the  energy  emission  would  be  expected  near  8xl015J. 

5.  Specifics  of  «contact»  explosion,  where  an  explosive  has  field  nature  and  is  found  within 
crystal  structure  of  rocks,  must  be  taken  into  account.  This  is  specific  micro-explosive  with  snap- 
action  pulse  heat  production  and  electromagnetic  radiation  (characteric  time  is  10'8c)  .  It  does  not 
shift  a  matter  but  transforms  it  within  explosion  conduit  in  situ  due  to  physical-chemical  state  of 
matter  and  in  heat  and  high-power  vortixes.  We  emphasize  self-localized  nature  of  «contact» 
explosion  that  produce  minimal  changes  in  neighbouring  rocks.  If  we  consider  positive  and  negative 
VD  varieties,  we  can  expect  abundant  diversities  of  «contact»  explosion  actions  both  in  kinematic 
features,  and  in  physical-chemical  transformations.  Another  specific  features  of  «contact»  explosion 
is  its  multistage  development,  which  is  determined  by  VD  transportation  where  movement  is 
developed  in  magnetic  and  spin  field.  Explosion  condition  is  depended  on  VD  depolarization 
intensity  changes.  During  depolarization  main  explosion  force  is  produced  by  gravitation  field. 
Explosion  and  its  sequences  have  well-defined  space  localization. 

The  mathematical  model  of  NPV  is  a  new  direction  in  physics  (Dmitriev,  Dyatlov,  1998). 
Their  «contact»  explosion  equations  have  to  play  an  important  role  in  geological  processes.  The 
effect  of  «contact»  explosion  in  the  lithosphere  can  explain  such  phenomena  as  a  coexistence  of  high 
grade  and  low  grade  metamorphic  rocks  with  sharp  contact  in  the  Earth  crust,  or  some  surface 
processes. 

We  suppose  that  «contact»  explosion  theory  may  be  applied  to  explain  the  formation  of 
kimberlite  pipes.  VD  very  sensitive  to  activity  of  faults  of  ancient  dikes.  Reactivation  of  deep  faults 
during  kimberlite  intrusion  from  the  depth  cause  VD  intrusion  from  above.  Thus,  VD  explosion  in 
shallow  lithosphere  can  accompanies  kimberlite  eruptions  and  would  be  important  source  of 
explosion  energy,  due  to  colossal  power  effect  with  inexpected  action.  Moreover,  VD  can  originate 
and  exist  not  only  in  the  atmosphere  and  nearest  space,  but  also  in  the  lithosphere  or  in  the  mantle. 
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The  Tli  Kwi  Cho  diamondiferous  kimberlite  complex  is  a  member  of  the  Lac  de  Gras  cluster  of 
kimberlites  located  360km  north  of  Yellowknife  at  lat.  64°  19'  N,  long.  109°48'  W,  in  the  Northwest 
Territories  of  Canada.  The  kimberlites  are  held  under  mineral  claims  belonging  to  the  DHK  joint 
venture  whose  ownership  consists  of  40%  Kennecott  Canada  Exploration  Inc.  (KCEI),  10% 
SouthemEra  Resources  Inc,  15%  Aber  Resources  Ltd.  and  DHK  35%  (Dentonia  Resources  Ltd., 
Horseshoe  Gold  Mining  Inc.  and  Kettle  River  Resources  Ltd.). 

The  kimberlite  complex  is  obscured  by  20m  to  55m  of  till  and  up  to  10m  of  lake  water.  Tli  Kwi 
Cho  was  discovered  when  two  distinct  magnetic  and  electromagnetic  anomalies,  designated  D027 
and  DO  18,  were  drill  tested  in  1993.  DO  18  occurs  to  the  north  of  D027.  The  kimberlite  was 
intruded  into  medium  grained  two-mica  granite  of  the  Archean  Contwoyto  terrain.  This  terrain 
occupies  the  SE  side  of  the  Slave  Craton.  The  granite  is  probably  syndeformational  and  was 
emplaced  around  2.62  to  2.59  Ga  (Hoffman  1989). 

The  kimberlite  complex  consists  of  a  precursor  hypabyssal  sill  and  dyke  intrusive  event  followed  by 
up  to  four  pyroclastic/volcaniclastic  kimberlite  events.  Four  main  textural  rock  types  with  distinct 
megascopic  characteristics  dominate  different  areas  of  Tli  Kwi  Cho. 

These  comprise: 

i.  HK  -  D027  hypabyssal  macrocrystic  monticellite  kimberlite  +/-  minor  kimberlite  breccias, 
central  dyke/sill  complex. 

ii.  PK  -  main  southern  D027  green  crater-facies  kimberlite  or  lapilli-bearing  olivine  tuff. 

iii.  VK  -  northern  D027  black  crater-facies  kimberlite  or  shale-rich  olivine  lapilli  tuff. 

iv.  XPK  -  DO  18  xenolith-  and  xenocryst-rich  lapilli-bearing  olivine  tuff  +/-breccias/micro- 
breccias. 

The  presence  of  sediments  and  wood  in  the  tuffaceous  kimberlites  show  that,  at  the  time  of 
kimberlite  emplacement,  there  was  sedimentary  cover  over  Archean  basement  which  has 
subsequently  been  eroded.  Variation  in  the  nature  of  the  shale  clasts  and  the  presence  of  mudstone, 
sandstone  and  wood  suggests  that  different  stratigraphic  units  must  have  been  present.  The  Tli  Kwi 
Cho  kimberlite  complex  has  proven  very  difficult  to  date  due  to  the  lack  of  suitable  dateable 
minerals.  The  most  reliable  method,  palynolgy,  has  given  a  maximum  age  of  74Ma.  The  similarity 
of  the  terrestrial  flora  (wood  fragments)  in  pyroclastic  and  volcaniclastic  rocks  with  other  reliably 
dated  kimberlites  suggests  that  an  Eocene  age  is  likely. 

The  four  main  phases  of  kimberlite  in  the  Tli  Kwi  Cho  kimberlite  complex  have  contrasting  mantle- 
derived  xenocrysts.  The  size  and  abundance  of  the  olivine  macrocrysts  vary  in  each  of  the  rock 
types.  The  HK  unit  contains  fresh  olivine  up  to  20mm  in  size  while  the  olivines  in  PK  are  fresh  or 
partly  altered  and  mainly  <5mm.  In  VK  the  olivines  are  mainly  <2-3 mm  (up  to  5mm)  and  in  XPK 
the  altered  olivines  are  <2-3 mm  (up  to  7mm).  The  PK  unit  contains  the  most  garnet,  diopside  and 
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ilmenite.  The  XPK  kimberlite  contains  the  next  most  abundant  xenocrysts,  then  VK,  with  HK 
containing  the  least.  The  diamond  contents  of  the  rock  types  is  also  different  and  distributed  in  the 
same  manner  as  the  xenocrysts  with  PK  containing  the  most  and  HK  the  least.  Unlike  the  other 
rock  types,  the  garnets  in  HK  can  have  300pm  thick  kelyphite  coronas  and  the  diopsides  are 
rounded  oviods  rather  than  square  laths.  Limited  whole-rock  analysis  (six  samples)  of  matrix 
material  from  the  four  rock  types  suggest  that  HK  has  higher  Ba,  Sr,  Ca  and  lower  S  than  the  other 
rock  types. 

The  distinctive  nature  of  these  four  rock  types  suggests  that  they  result  from  different  phases  and 
styles  of  kimberlite  emplacement.  Firstly  HK  is  hypabyssal  while  the  other  three  rock  types  are 
extrusively  formed  volcaniclastic  kimberlites.  Among  the  volcaniclastic  rocks,  for  example,  the 
juvenile  lapilli  in  VK  contain  totally  altered  olivine,  more  vesicles  as  well  as  less  common  and  finer 
grained  spinel  than  those  in  PK.  This  strongly  suggests  that  the  lapilli  formed  in  different 
pyroclastic  events.  Other  differences  include  the  microscopic  nature  of  the  shale  clasts  and  the 
alteration  style  of  the  olivine.  Furthermore,  the  different  types  of  inter-clast  matrices  suggest 
different  modes  of  deposition.  In  PK  the  inter-clast  matrix  is  composed  of  clearer  serpentine  +/- 
carbonate  and  lacked  fines  while  in  the  VK  the  matrix  contains  common  fines.  The  PK  is 
interpreted  as  being  primary  sub-aerial  pyroclastic  kimberlite  while  the  VK  clearly  was  deposited  in 
different  conditions,  perhaps  by  resedimentation.  The  thorough  mixing  of  granitic  material  in  XPK 
shows  another  style  of  eruption  and/or  deposition. 

The  hypabyssal  nature  of  the  kimberlite,  the  absence  of  shale  xenoliths  and  the  distribution  of  this 
rock  type  show  that  the  HK  is  an  intrusive  hypabyssal  sheet/dyke  complex  which  invaded  in-situ 
granite  within  the  central  part  of  Tli  Kwi  Cho.  The  3D  distribution  of  this  rock  type  shows  broad 
sub-horizontal  zones  of  granite  and  hypabyssal  kimberlite  suggesting  that  the  HK  forms  an  overall 
sill-like  complex  of  sheets  possibly  similar  to  that  at  Mayeng  in  South  Africa  (Apter  et  al.  1984). 
Sheets  greater  than  l-2m  thick  are  unusual  among  reported  kimberlites.  According  to  Mitchell 
(1986),  sills  can  range  up  to  10m  thick  in  granitic  country  rocks  and  rarely  up  to  45m. 

The  HK  event  preceded  PK  and  VK  and  probably  XPK.  The  xenolith-poor  PK,  the  shale-rich  VK 
and  the  xenolith  rich  XPK  are  distinctly  different  types  of  volcaniclastic  kimberlite  that  formed  by 
at  least  three  separate  eruptions  at  different  volcanic  centres  forming  separate  craters.  The  PK  and 
VK  craters  were  excavated  into  areas  of  granite  which  had  already  been  intruded  by  HK.  PK  forms 
a  bowl  shape  crater  at  least  250m  deep  with  an  area  of  9ha  tapering  to  l-2m  deep  on  the  rims  of  the 
bowl.  XPK  forms  a  pipe  like  body  at  least  250m  deep  and  6ha  in  area.  Drilling  has  not  defined  the 
shape  and  form  of  VK  though  it  is  at  least  50m  deep  and  lha  in  area.  There  is  no  evidence  to 
suggest  the  sequence  in  which  the  three  separate  craters  formed.  The  sediments  overlying  the 
granitic  basement  would  have  formed  the  upper  crater  wall  material  in  all  the  volcanic  centres.  At 
least  some  of  this  material  was  poorly  consolidated  at  the  time  of  kimberlite  emplacement  and  the 
craters  would  therefore  probably  flare  outwards.  The  flaring  of  the  PK  unit  may  suggest  that  the 
granite/sediment  unconformity  may  not  have  occured  too  far  above  the  present  day  surface. 

The  classic  kimberlite  emplacement  model  includes  the  formation  of  diatreme-facies  rocks  ( sensu 
Hawthorne  1975;  Clement  and  Skinner  1985)  infilling  a  steep  sided  pipe  below  the  crater.  There  is 
no  evidence  to  suggest  that  any  of  the  observed  rocks  in  Tli  Kwi  Cho  include,  or  were  associated 
with  or  derived  from,  diatreme  facies  material. 

The  multiple  rock  types  and  their  unusual  configuration  added  complexity  to  exploring  and 
delineating  Tli  Kwi  Cho.  The  D027  magnetic  anomaly  was  the  main  reason  for  selecting  Tli  Kwi 
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Cho  for  exploration,  yet  this  anomaly  was  not  explained  until  HK  was  drilled  in  the  22nd  drill  hole. 
The  centre  of  PK  was  not  found  until  the  fifth  drill  hole. 

The  Tli  Kwi  Cho  kimberlite  complex  was  tested  for  economic  concentrations  of  diamonds.  In  1994 
a  1257.7  tonne  sample  was  collected  by  underground  decline  90m  below  surface  from  one  of  the 
HK  sills.  This  sample  returned  a  grade  of  0.013ct/t.  Previously  this  rock  type  has  been  referred  to  as 
diatreme  in  corporate  news  releases,  it  is  now  termed  HK.  The  decline  was  also  developed  into  the 
PK  rock  type  from  which  a  3003.3  tonne  sample  was  extracted.  This  sample  returned  a  grade  of 
0.36ct/t.  Diamonds  from  the  PK  were  priced  at  SUS  21.70/ct  at  1994  prices.  The  XPK  (DO  18)  was 
tested  in  1996  using  a  large  diameter  (15cm)  drill  core.  A  6.88  tonne  sample  was  extracted  and 
returned  a  grade  of  0.09ct/t.  At  these  grades  and  prices  the  Tli  Kwi  Cho  kimberlite  complex  is 
considered  sub-economic. 
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Introduction 

The  Rosario  do  Sul  kimberlites  are  situated  in  the  vicinity  of  the  town  of  Rosario  do  Sul  in  the  Rio 
Grande  do  Sul  State  of  Southern  Brazil  and  are  the  first  to  be  reported  from  this  area.  None  of  the 
kimberlites  are  diamondiferous.  The  bodies  are  distributed  along  a  NW-SE  trend  between  30°S  and 
31°S  and  54°30’W  and  55°30’W  and  intrude  the  Triassic  Rosario  do  Sul  Formation,  which  forms 
part  of  the  intracratonic  Parana  Basin  situated  on  the  Archaean  Rio  De  La  Plata  Craton  (Figure  1). 
The  rocks  of  the  Rosario  do  Sul  Formation  comprise  a  5000m  thick  sequence  of  reddish-coloured 
sandstones  covering  an  area  of  approximately  1,000,000km2  over  Brazil,  Paraguay,  Uruguay  and 
Argentina  (Schobbenhaus  -  Filho  et  al,  1975). 

Petrography 

Twenty  bodies  comprising  pipes,  dykes  and  sills  ranging  from  1  -20ha  in  size  have  been  identified. 
Magmatic  and  fragmental  (tuffisitic  and  clastic)  textures  were  observed  in  samples  from  most  of  the 
occurrences.  The  mineral  composition  of  the  rocks  is  that  of  Group- 1  kimberlites  with  coarse¬ 
grained  olivine  phenocrysts  set  in  finer-grained  monticellite,  phlogopite,  perovskite  and  minor 
apatite.  Accessory  groundmass  phases  include  opaque  minerals  (spinel  and  ilmenite).  Garnet 
xenocrysts  are  common.  Olivine  macrocrysts  are,  however,  rare.  Most  samples  contain  abundant 
olivine  phenocrysts,  occurring  as  isolated  grains  and  clusters  or  aggregates.  These  phenocrysts  are 
also  characterised  by  unusual  shapes  that  are  atypical  of  kimberlites,  but  are  common  in  the 
melilitite  clan  (i.e.  melnoites  -  Scott  Smith,  1995).  However,  the  Rosario  rocks  cannot  be  effectively 
classified  as  melnoites  because  they  do  not  contain  the  appropriate  mineralogy  (e.g.  melilite  and 
clinopyroxene).  Instead,  the  rocks  display  a  transitional  character  between  Group- 1  kimberlites  and 
melnoites  and  are  therefore  classified  as  marginal  kimberlites. 

Mantle  indicator  mineral-chemistry 

The  Rosario  kimberlites  contain  abundant  garnets,  spinels  and  ilmenite.  No  clinopyroxenes  were 
recovered  from  the  concentrate.  The  garnets  are  predominantly  low-Ti02  (<0.6wt%),  moderate- 
C^Oa  (0-4.4wt%)  and  CaO-saturated  (4.5-6.0wt%)  varieties  (Figure  2).  Using  the  classification  of 
Gurney  et  al.  (1993)  peridotitic  (lherzolitic-G9)  varieties,  as  well  as  possible  megacry sts  (Cr2C>3< 
«2wt%)  and  eclogitic  garnets  (Cr203<2wt%)  can  be  distinguished.  Trace  element  data  were 
obtained  for  34  garnets  representing  possible  conductive  peridotitic-mantle  parageneses  with  low- 
TiC>2  (<0.4wt%)  and  high-C^C^  (>2wt%).  Temperatures  and  pressures  of  equilibration  were 
determined  using  the  techniques  of  Ryan  et  al.  (1996).  The  highest  pressure  (Pcr)  calculated  is 
«33kbar,  which  in  turn  defines  a  maximum  geotherm  of  «43mW/m2  (Figure  3).  The  intersection 
with  the  graphite-diamond  transition  along  this  geotherm  is  measured  at  a  temperature  of  «1 100°C 
and  indicates  that  no  sampling  occurred  in  the  diamond  stability  field.  Only  about  five  of  the  34 
garnet  grains  analysed  display  depleted  incompatible  element  compositions  (Griffin  and  Ryan, 
1995)  (Figures  4  and  5).  The  remaining  garnets  are  enriched  in  incompatible-elements,  which  is 
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consistent  with  a  high  geothermal  regime  and/or  a  fertile  mantle  source.  The  grains  do  not  appear  to 
be  affected  by  melt  or  hydrous  metasomatism.  The  spinels  are  predominantly  high-MgO  (>1  lwt%) 
kimberlitic  types  with  lesser,  low-MgO,  non-kimberlitic  varieties  (Figure  6).  All  the  spinels  have 
low-Cr203  (<56wt%)  contents  and  therefore  none  plot  inside  the  diamond-inclusion/intergrowth 
field  defined  by  Fipke  et  al.  (1995).  Kimberlitic  and  non-kimberlitic  ilmenites  are  present  and 
display  a  broad  range  of  MgO  concentrations  between  0  and  1  lwt%  (Figure  7).  The  contents 
of  the  ilmenites  range  between  0  and  2.4wt%.  Two  populations,  respectively  displaying  lower- 
chrome  concentration  (megacrysts)  and  higher-chrome  concentrations  (metasomatised  megacrysts), 
are  defined  (e.g.  Schulze  et  al.,  1995).  Overall,  the  low-MgO  contents  of  the  ilmenites  suggest 
unfavourable  conditions  for  diamond  preservation  (Fipke  et  al.,  1995). 
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Petrology,  mineral  chemistry  and  thermobarometry  of  eclogite  nodules  from  the 
Mbuji  Mayi  kimberlite,  Kasai,  Congo  :  significance  of  kyanite-cpx  intergrowths 
El  Fadili,  S.\  and  Demaifle,  D.1 

1.  Univ.  Libre  de  Bruxelles.  Geochimie  Isotopique  (CP  160/02).  50.  Av.  Roosevelt.  1050.  Bruxelles.  Belgium. 

The  eclogite  nodules  have  been  sampled  in  the  diamondiferous  Mbuji  Mayi  kimberlites  (Kasai,  Congo) 
which  intruded  the  Archean  Congo-Kasai  Craton  70  Ma  ago  (Scharer  et  al.,  1997).  Beside  the  eclogites 
(>  90  %  of  the  xenolith  population),  the  kimberlites  also  contain  crustal  nodules  and  the  typical  megacryst 
suite  (Cr-diopside,  garnet,  Mg-ilmenite.  rutile  and  more  exceptionnally  large  -up  to  1  cm-  zircon  and 
baddeleyite). 

This  study  is  focused  on  high-grade  nodules,  especially  eclogites  and  granulites. 

The  nodules  have  rounded  to  ellipsoidal  shapes  and  typically  range  in  size  from  3  to  5  cm,  except  two 
large  eclogites  up  to  10  cm. 

Among  the  1 52  studied  nodules,  four  main  groups  have  been  distinguished  petrographically: 

1-  typical  bimineralic  eclogites  (109  samples)  which  consist  mainly  of  garnet  and  omphacitic 
clinopyroxene  together  with  one  or  two  accessory  phases  like  rutile,  phlogopite,  quartz,  pargasite,  zoisite 
and  apatite. 

2-  kyanite-bearing  eclogites  (39  samples) :  the  modal  kyanite  content  varies  considerably  from  1  up  to  25 
%.  Kyanite  occurs  either  as  spectacular  intergrowths  with  cpx  (similar  to  those  described  by  Griffin  et  al., 
1979,  in  Lesotho  xenoliths),  as  subhedral  laths  (locally  included  in  garnet)  or  as  large  (3  mm)  poikilitic 
grains  including  garnet  and  clinopyroxene. 

3-  only  one  diamond-bearing  eclogite  has  been  observed  :  it  has  the  highest  modal  garnet  content  (70  %). 
Microdiamonds  (average  size:  0.4  mm)  are  grey  to  greyish  white,  often  cubic  (or  twinned-cubes). 
Diamonds  included  in  garnet  are  generally  rounded  and  transparent.  Graphite  blebs  are  present  both  at  the 
surface  and  within  the  diamonds. 

4-  among  the  granulite  nodules.  3  samples  contain  kyanite.  When  adjacent  to  diopside,  plagioclase  (Arug) 
breaks  down  progressively  to  produce  kyanite-clinopyroxene  intergrowths,  similar  to  those  observed  in 
kyanite-bearing  eclogites. 

Most  eclogites  display  granoblastic  textures,  with  well-developed  triple  junctions  (120  °)  between  grains. 
Tightly  interlocking  textures  and  banded  textures  (average  thickness  of  layers  :  2  mm)  have  been  observed 
in  some  nodules.  Diamond-bearing  eclogite  shows  rounded  to  euhedral  garnets  set  in  an  interstitial  matrix 
of  clinopyroxenes  :  this  cumulate  texture  is  similar  to  Roberts  Victor  group  I  eclogites  (Mac  Gregor  and 
Carter,  1970). 

Clinopyroxenes  from  bimineralic  eclogites  have  uniformly  high  Mg#  (88-92)  with  variable  Jd  content  (19- 
40  moles  %).  The  kyanite-bearing  and  diamond-bearing  eclogites  have  lower  Mg#  (83-89  and  80 
respectively)  while  the  Jd  content  tends  to  be  high  (37-48  moles  %  and  30  moles  %).  In  the  Na20-MgO 
diagram  (Fig.  1 )  of  Taylor  and  Neal  (1989),  most  cpx  plot  in  field  B,  only  2  plot  in  field  C.  In  some 
bimineralic  eclogites,  clinopyroxenes  contain  garnet  (exsolution)  lamellae.  In  the  3  eclogite  groups,  cpx 
sometimes  shows  a  “spongy  texture”  which  consists  of  symplectitic  intergrowths  of  diopside  and 
plagioclase  (An*.17). 

Cpx  of  kyanite-bearing  granulites  is  an  Al203-rich  (10  wt  %)  diopside  with  very  high  Mg#  (94)  but  low  Jd 
content  (13  moles  %). 

Garnet’s  composition  falls  in  the  field  of  other  eclogitic  garnets  (Fig.2).  Garnets  from  kyanite-bearing 
eclogites  (Mg#  =  43-63)  are  slightly  more  enriched  in  grossular  and  in  alm+spess  than  those  of  bimineralic 
and  diamond-bearing  eclogites.  Garnet  from  the  diamond-bearing  eclogite  has  the  highest  Na20  content 
(0. 1 8  wt  %).  In  the  samples  containing  garnet  lamellae  in  cpx,  it  is  common  to  find  a  rim  of  garnet  grains 
(necklace  texture)  around  cpx,  suggesting  outside  migration  (and  recrystallisation)  of  the  garnet  lamellae 
from  the  cpx.  This  necklace  texture  coexists  with  spongy  clinopyroxenes. 

Garnets  from  kyanite-bearing  granulites  are  similar  to  those  of  kyanite-bearing  eclogites. 

Rutile  is  the  most  common  accessory  phase  in  eclogite  nodules;  it  appears  either  as  primary  crystals 
interstitial  to  garnet  and  clinopyroxene  or  as  oriented  needles  (exsolutions  ?)  in  garnet  and  omphacite. 
Quartz  occurs  as  equant  grains  or  as  inclusions  surrounded  by  radial  cracks  in  omphacite  and  garnet. 
Coesite  has  been  not  found.  Phlogopite  is  common  in  bimineralic  eclogites,  but  is  rare  in  kyanite-bearing 
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varieties.  "Primary"  phlogopite  (Mg#=  90-93)  occurs  as  large  euhedral  flakes  in  the  texture  defined  by  cpx 
and  garnet  grains.  Apatite  occurs  mostly  as  euhedral  prisms  or  forms  triple  junctions  (120°)  with  garnet 
and  clinopyroxene,  which  suggests  its  primary  origin.  In  one  bimineralic  eclogite,  the  phosphate  mineral  is 
whitlockite  (Ca9Mg(P030H)(P04)6)  instead  of  apatite. 

Pargasitic  amphibole  (Mg#=  89,  K20=  1 .26  wt  %)  and  zoisite  are  rare. 

Mbuji  Mayi  eclogites  have  been  variously  affected  by  metasomatic  events.  This  is  marked  either  by 
numerous  thin  (100  pm)  veins  cross-cutting  the  nodules  and  consisting  mainly  of  phlog+amph+apat+zois 
or  by  secondary  minerals  which  develop  at  the  margins  of  the  nodules  (contact  with  the  host  kimberlites) 
and  around  primary  minerals.  “Secondary”  phlogopite  is  distinctly  more  Fe-rich  (Mg#=79-86)  than 
“primary”  phlogopite;  it  occurs  mainly  around  garnet  grains  and  in  the  veins.  Pargasite  sometimes  forms 
large  rims  around  both  cpx  and  garnet  or  occurs  as  fibrous  material  along  grain  boundaries.  Metasomatic 
pargasite  typically  has  lower  Mg#  (65-69)  and  lower  K20  content  (<  0.18  wt  %)  than  the  primary 
amphibole.  Anhedral  apatite  locally  appears  at  the  rims  of  the  nodule  or  in  the  veins.  Zoisite  often  occurs 
as  large  anhedral  crystals  around  clinopyroxene  and  sometimes  in  the  veins.  Rutile  also  forms  rounded 
grains  at  the  margins  of  the  nodule  :  this  metasomatic  rutile  is  strongly  enriched  in  Nb  (up  to  9  %  Nb20?) 
and  is  similar  to  that  reported  by  Haggerty  (1983)  in  Jagersfontein  kimberlites. 

Some  nodules  show  evident  signs  of  partial  melting  :  patches  of  brown  glass  corroding  the  main  minerals 
(cpx,  garnet  and  phlogopite)  are  quite  common;  this  glass  is  partly  devitrified  and  contains  small  (50  pm) 
euhedral  plagioclase  laths  with  minor  zoisite.  Locally,  the  same  brown  glass  also  occurs  in  the  spongy 
texture  of  the  cpx. 

Equilibration  T°  have  been  estimated  from  the  Fe-Mg  partitioning  between  garnet  and  clinopyroxene.  The 
calibration  of  Ellis  and  Green  (1979)  gives,  at  an  assumed  pressure  of  30  kb  for  bimineralic  and  kyanite 
eclogites  and  50  kb  for  the  diamond-bearing  sample,  temperatures  between  815  and  1260  °C  (Fe2 
content  has  been  obtained  following  the  procedure  of  Clarke  and  Papike,  1968).  Application  of  the  revised 
calibration  (Ai,  1994)  gives  significantly  lower  T°  than  Ellis  and  Green  calibration  (100  to  200  °C  lower). 
Direct  pressure  estimates  for  most  eclogites  are  not  possible  because  the  lack  of  calibrated  geobarometer 
for  the  gamet-omphacite  pair.  Minimun  pressure  for  quartz-bearing  eclogites  using  the  Ab->  Jd+Qz 
calibration  (Holland,  1980)  ranges  between  17  to  20  kb;  the  lack  of  coesite  constrains  the  maximum 
pressure  to  be  less  than  27-29  kb.  P  estimates  for  kyanite-bearing  eclogites  may  be  obtained  from  the  Ca- 
A1  partition  between  garnet  and  clinopyroxene  (Banno,  1974;  Lappin,  1978)  :  the  Mbuji  Mayi  kyanite 
eclogites  were  equilibrated  at  about  20  to  25  kb.  The  presence  of  diamond  in  one  sample  allows,  by  using 
the  diamond-graphite  curve  of  Kennedy  and  Kennedy  (1977),  to  estimate  the  equilibration  pressure  at  52 
kb,  for  1260  °C.  Rough  pressure  estimates  for  the  other  bimineralic  eclogites  can  be  obtained  by  plotting 
the  calculated  temperatures  along  the  Precambrian  shield  geotherm  (40  mW/m2)  of  Pollack  and  Chapman 
(1977)  or  along  the  Finnerty  and  Boyd's  geotherm  (1986):  P  ranges  from  34  to  50  kb.  The  equilibration 
pressure  for  kyanite-bearing  granulites  using  the  An->Ga+Qz+Ky  calibration  (Koziol  and  Newton,  1988) 
is  20  kb  at  913  °C  (T°  from  cpx-ga  pair). 

The  origin  of  peraluminous  (i.e.  kyanite-  or  corundum-bearing)  eclogites  has  been  and  is  still  debated.  The 
data  obtained  on  Mbuji  Mayi  eclogite  and  granulite  nodules  can  shed  some  light  on  this  problem.  Detailled 
petrographic  observations  of  the  granulites  unequivocally  show  that  the  cpx-kyanite  intergrowths, 
together  with  the  associated  garnet  and  quartz,  result  from  the  breakdown  of  the  original  plagioclase 
reacting  with  aluminous  diopside  during  a  prograde  high  P  event. 

In  the  eclogites,  primary  plagioclase  is  completely  lacking  and  the  symplectites  are  interpreted  as  the 
complete  breakdown  of  former  plagioclase.  We  thus  suggest  that  the  nodules  were  sampled  by  the  Mbuji 
Mayi  kimberlites  from  the  diamond  stability  field  to  the  uppermost  mantle  and  lower  crust,  across  the 
granulite/eclogite  transition.  The  protoliths  of  the  kyanite-bearing  eclogites  are  thus  probably  plagioclase- 
rich  rocks  (gabbros,  anorthosites).  This  conclusion  is  confirmed  by  available  geochemical  data  :  high  A1203 
(up  to  28  wt  %)  and  CaO  (up  to  15  wt  %)  contents  associated  with  high  positive  Eu,  Ba,  Pb  and  Sr 
anomalies  in  spidergrams  (see  Demaiffe  et  al.,  this  volume). 


206 


Fig.  1 .  Na20-Mg0  diagram  of  Taylor  and  Neal  (1989)  for  eclogitic  clinopyroxenes. 

Fig. 2.  Gross- Alm+Spess-Pyr  diagram  of  Coleman  et  al.  "(1965)  for  eclogitic  garnets.  Fields 
correspond  to  the  compilation  of  data  from  Taylor  and  Neal  (1989),  Sobolev  et  al.  (1994),  Snyder  et 
al.  (1997). 
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Local  Depressions  in  Country  Rock  of  Kimbelites  as  a  New  Exploraion  Critter 
(by  the  Example  of  Zolotitsa  Field,  Arkhangelsk,  Russia) 

Erinchek,  Yu.M.'.Milshtein,  E.D.1,  Saltykov,  O.G.1,  and  Verzhak,  V.V.2 

1.  Geological  Research  Institute  (VSEGHI),  St.  Petersburg  199106, Russia 

2.  Severgeolkom,  Arkhangelsk  163045,  Russia 

The  knowledge  of  kimberlite  intruding  mechanism  and  its  influence  upon  country  rocks  is  the  main 
problem  of  kimberlite-geology.  The  traces  of  this  influence  should  be  displayed  most  contrast  in  the 
upper  parts  of  diatremes.  However,  as  a  rule,  just  these  very  parts  of  diatremes  are  eroded.  By  this 
reason  a  lot  of  attempts  to  reveal  kimberlite  influences  upon  country  rocks  were  unsuccessful.  The 
investigation  of  kimberlite  country  rocks  structure  in  the  area  with  low  eroded  kimberlite  pipes  is 
given  below. 

Kimberlite  pipes  of  Zolotitsa  field  intrude  weakly  lithified  Vendian  arenaceous  sediments  and 
are  overlapped  by  carbonaceous-terrigenous  Middle  Carboniferous  and  by  Quaternary 
(Arkhangelsk  Kimberlite  Province,  1995).  The  upper  part  (150-200  m)  of  Vendian  rocks,  called 
padunskaya  formation,  is  represented  by  sandstones,  argillite-sandstones  (Stankovskiy  et.  al.,  1985). 
It  is  tested  by  network  of  different  depth  holes. 

The  special  technique  that  had  been  worked  up  and  approved  for  study  of  carbonaceous- 
terrigenous  country  rock  of  kimberlites  in  Yakutian  province  (Saltykov  et.  ah,  1991)  was  used  for 
the  close  structural  mapping  of  Vendian  upper  parts  (padunskaya  formation)  in  Zolotitsa  field.  The 
technique  allows  to  identify  and  to  map  the  low  contrast  marking  horizons  on  the  basis  of  the 
drilling  and  logging  data.  All  types  of  borehols  including  shot  ones  are  used.  The  set  of  close 
structural  maps  for  several  horizons  of  padunskaya  formation  was  created. 

The  study  of  Vendian  structure  has  shown  the  following.  On  a  background  of  general  south-east 
monoclinal  folding  of  Vendian  horizons  low  contrast  negative  local  structures  framing  pipes  are 
noticed  (Erinchek  et.  ah,  1997).  We  called  them  us  subsidence  depression.  Subsidence  depressions 
are  revealed  for  all  known  pipes  of  Zolotitsa  field.  They  are  recorded  in  near-pipe  space  by  flexure¬ 
like  or  arc-like  breaks  of  country  rock  horizons.  In  geological  section  this  local  depressions  are 
expressed  by  appreciable  submersion  of  Vendian  horizons  in  the  direction  to  the  pipe  body.  Near 
pipe  depressions  are  marked  at  all  levels  of  Vendian  upper  parts.  Depressions  measuring  from  1,0- 
1,5  to  3, 0-2. 5  km  are  oval  or  subisometric  in  plan.  It  is  in  6-8  times  more  than  pipe  sizes  on  the 
level  of  Vendian  erosive  surface.  The  depression  amplitude  varies  from  10-15  m  to  40-50  m.  and,  as 
a  rule,  appreciably  accrues  upwards  to  the  section.  The  pipes  allocate  in  the  central  or  marginal 
parts  of  subsidence  depressions.  Sometimes  depressions  frame  a  few  converged  pipes.  On  the  close 
geological  map  of  padunskaya  formation  erosion  roof  (with  the  removed  cover  of  overlapping 
sediments)  the  depressions  are  corresponded  to  local  areas  (spots)  of  the  youngest  horizons  of 
country  rocks.  At  the  adjoining  areas  this  horizons  are  absent. 

The  fragment  of  the  structural  map  of  Zolotitsa  field  central  part  is  enclosed  in  the  figure.  The 
subsidence  depressions  are  marked  for  pipes  Snegurochka,  Arkhangelskaya,  Pionerskaya.  Two 
converged  pipes  Karpinsky- 1  and  Karpinsky-2  are  framed  by  the  same  depression.  The  united  of 
depressions  are  traced  as  the  linearly  extended  chain,  fixing  north-northeast  kimberlite-host  zone. 

Probably,  subsidence  depressions  have  arisen  as  a  consequence  of  kimberlite  intruding. 
However,  mechanism  of  their  formation  remains  debatable.  Several  variants  of  their  genesis  may  be 
assumed.  At  one  hand,  subsidence  depressions  could  be  formed  as  the  result  of  partial  vacation  of 
magma  center  by  kimberlite  pipe  intruding.  In  this  case  depressions  would  be  manifested  most 
precisely  on  significant  depths,  and  their  contrast  would  be  smoothed  out  upwards  the  section.  But 
vice  versa,  all  known  depressions  are  precisely  marked  in  the  levels  of  upper  parts  of  the  pipes. 
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Figure.  Fragment  of  structural  map  of 
kimberlite  country  rocks  in  Zolotitsa  field 
1  -  Kimberlite  pipes,  2  -  structure  contours 
of  Vendian  padunskaya  formation  sole,  3  - 
sole  of  local  subsidence  depressions 

An  other  reason  of  the  formation  of  the 
subsidence  depressions  could  be  the 
influence  of  explosive  processes  to  the 
country  rocks  during  pipe  intruding.  In  this 
case  the  stresses  which  were  realized  in 
forming  of  pipe  explosion  crater  at  the 
same  time  formed  peripheral  faults  and 
jointing  of  country  rocks.  Subsidence  of 
jointy  country  rocks  around  the  pipes  could 
be  caused  by  dumping  of  separate  blocks 
along  parabolic-concentric  (peripheral) 
faults.  (Nikitin,  1980).  Using  this 
mechanism  we  can  expect  the  forming  of 
depressions  on  the  level  of  the  crater  part. 

Also  depressions  could  be  formed  as 
the  result  of  the  breach  of  hydrodynamic 
regime  of  underground  waters  in  horizontal 
-  layered  country  rocks  in  a  course  of 
foreign  body  appearance.  Chemical 
subtraction  of  ready-soluble  components 
lead  to  loosing  of  volume  in  country  rock 
horizons  surround  the  pipes. 

By  our  opinion,  two  main  processes  are 
responsible  for  the  forming  of  subsidence 
depressions:  the  pipe  explosion  and 
subsequent  chemical  subtraction.  So,  the  forming  of  the  depressions  had  begun  at  the  time  of 
kimberlite  intruding  and  has  been  developing  up  to  resent  time.  During  intruding  the  country  rocks 
surround  the  pipe  were  destroyed  and  partly  dumped  into  the  pipe.  Then  the  subsidence  of  country 
rock  horizons  (with  some  reduction  of  their  volume)  has  being  occurred  surround  the  pipes.  Exactly 
these  processes  allow  us  to  explain  the  peculiarities  of  subsidence  depressions  fixed  around  the 
pipes  of  Zolotitsa  field.  The  depressions  are  marked  on  the  level  of  pipe  crater  and  are  tracked  down 
to  nearly  200  m,  their  contrast  is  growing  upwards  the  section.  Postkimberlite  sediments,  including 
Quaternary  above  the  depressions  are  thicker  than  at  the  adjoining  areas.  The  negative  forms  of 
surface  occupied  by  lakes  and  bogs  are  often  connected  with  the  depressions. 

Subsidence  depressions,  similar  by  their  morphology  to  Zolotitsa  field  ones,  are  revealed  in 
vicinities  of  many  kimberlite  pipes  of  Alakit  field  of  Yakutian  diamond-bearing  province. 
(Kruchkov  et.al.,  1990;  Kruchkov  et.al.,  1991;  Nikitin,  1980).  As  well,  subsidence  depressions 
around  the  explosion  pipes  are  known  in  the  other  regions.  They  are  brightly  pronounced  in 
surrounding  of  mafic  pipes  of  Angar  iron-ore  province  of  Southern  Siberia  (Nikulin  et.al.,  1991). 
The  size  of  the  depressions  around  mafic  pipes  and  groups  of  bodies  reaches  7  km  in  a  diameter 
(pipes  themselves  are  up  to  1,5  km),  having  the  amplitude  up  to  350  m.  So,  huge  amplitude  can  be 
explained  by  the  fact  that  pipes  intrude  salt-bearing  horizons  on  the  depth. 

Thus,  the  result  of  research  is  revealing  of  precise  traces  of  influence  of  kimberlite  intruding  to 
the  structure  of  country  rocks.  All  investigated  pipes  of  Zolotitsa  kimberlite  field  are  accompanied 
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by  subsidence  depressions  of  country  rocks,  which  are  significant  lager  than  pipes.  It  is  possible  to 
assume,  that  the  forming  of  similar  local  low-amplitude  negative  structures  accompany  with 
intruding  of  the  main  parts  of  explosion  subvertical  bodies.  These  subsidence  depressions  may  be 
used  as  an  important  exploration  structural  criteria  in  the  areas  with  small  eroded  kimberlites. 
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NEAR  SURFACE  EMPLACEMENT  OF  KIMBERLITES: 
CONTRASTING  MODELS  AND  WHY 
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The  most  complete  kimberlite  emplacement  models  result  from  detailed  studies  of  specific  localities. 
Investigations  undertaken  for  economic  reasons  create  extensive  3D  exposure  and  permit  thorough 
studies.  The  first  such  model  outside  Russia  was  developed  for  the  main  diamond  mining  areas  of 
that  time  around  Kimberley,  South  Africa  (Clement  and  Reid,  1989  and  previous  work  by  Clement 
and  Skinner).  These  studies  showed  that  kimberlites  are  unusual,  and  require  kimberlite-specific 
terminology  (Field  and  Scott  Smith,  this  volume),  and  emplacement  models.  The  Cretaceous 
southern  African  kimberlite  pipes  were  shown  to  comprise  three  zones:  a  complex  root  zone,  a  steep 
sided  diatreme  zone  and  an  overlying  crater  zone  which  together  can  be  up  to  2km  deep.  Each  zone 
is  largely  filled  with  texturally  specific  types  of  kimberlite  (Fig.  2  of  Field  and  Scott  Smith,  this 
volume),  indicating  that  each  zoned  formed  by  a  different  process. 

The  model  for  these  kimberlites  shows  that  the  near  surface  emplacement  occurred  in  a  closed 
system  created  by  many  barriers  and  cap  rocks  through  which  the  kimberlite  has  to  intrude  (e.g. 
Karoo  dolerites,  basalts,  earlier  kimberlites).  The  kimberlite  magma  was  clearly  inhibited  during  its 
final  ascent  to  surface  resulted  in  complex  and  massive  subsurface  brecciation  of  the  country  rock  as 
well  as  an  immense  build  up  of  juvenile  gases,  volumetrically  dominated  by  carbon  dioxide.  When 
breakthrough  to  surface  was  achieved,  sudden  and  rapid  degassing  caused  fluidization  of  the  sub¬ 
surface  magma.  This  in  turn  excavated  the  diatreme  zone  through  the  pre-brecciated  country  rock. 
This  process  was  short  lived  and  the  fluidized,  degassed  magma  rapidly  condensed  to  form  a  very 
specific  textural  rock  type  (tuffisitic  kimberlite  breccia).  This  rock  type  contains  in  the  order  of  50% 
xenoliths  derived  from  the  adjacent  pipe  wall  which  are  set  in  the  products  of  the  remaining 
condensed  kimberlitic  fluids.  It  is  important  to  emphasize  that  the  same  process  created  both  the 
diatreme  and  its  infilling.  The  underlying  root  zone  and  overlying  crater  zone  formed  by  more  normal 
processes  that  are  part  of  the  same  event.  This  model  has  been  tested  and  validated  by  other 
workers.  At  Orapa,  Botswana  the  same  model  can  be  extended  up  into  the  crater  (Field  et  al.,  1997). 
At  the  Orapa  North  pipe  a  single  extremely  powerful  magmatic  eruption  caused  the  excavation  of 
both  the  diatreme  and  crater.  The  crater  was  rapidly  infilled  with  primary  pyroclastic  products,  that 
are  similar  to,  and  derived  from,  the  fluidized  kimberlite  that  formed  the  diatreme  below.  It  has  been 
shown  elsewhere  in  the  world  that  this  model  has  been  repeated  in  space  and  time. 

In  contrast  Lorenz  (1985  and  other  papers)  proposed  a  phreatomagmatic  “maar-diatreme”  model  for 
the  southern  African  kimberlite  pipes.  Maars  are  formed  by  two  separate  processes  :  (1)  crater 
excavation  and  (2)  subsequent  infilling.  The  maar  craters  are  excavated  into  the  country  rock  by 
phreatomagmatic  explosions  that  relate  to  an  aquifer.  The  products  of  this  process  form  mainly 
crater  rim  base  surge  type  deposits.  Subsequent  infilling  of  the  crater  is  mainly  by  re-sedimentation  of 
crater  rim  or  wall  material,  although  there  may  be  some  infill  derived  from  pyroclastic  magmatic 
eruptions.  The  latter  notably  lack  country  rock  xenoliths.  Many  recent  maars  are  only  partially 
infilled.  The  same  maar-forming  process  is  repeated  in  space  and  time.  Notably,  in  many  cases  there 
seems  to  be  scant  evidence  for  the  presence  of  steep  sided  pipes  below  maars.  There  is  no  geological 


evidence  to  support  the  suggestion  that  maar-like  phreatomagmatic  processes  were  important  in  the 
formation  and  infilling  of  the  southern  African  kimberlite  pipes. 

Scott-Smith  et  al.  (this  volume)  have  developed  a  model  for  the  Cretaceous  kimberlites  in 
Saskatchewan,  Canada,  which  differs  considerably  from  that  of  the  southern  African  kimberlite 
diatreme  model.  No  diatremes  or  root  zones  were  developed  in  these  pipes.  The  pipes  formed  by  two 
separate  processes  :  (1)  crater  excavation  and  (2)  subsequent  infilling.  Empirically  these  saucer 
shaped  craters  are  thought  to  have  formed  by  maar-like  phreatomagmatic  processes  relating  to  a 
well-known  aquifer  approximately  200m  below  the  present  surface,  the  point  from  which  the  craters 
flare.  It  is  considered  that  the  lack  of  barriers  and  cap  rocks  in  the  600m  of  Phanerozoic  sedimentary 
cover  permitted  the  kimberlite  magmas  to  reach  surface  easily.  The  kimberlite  magma,  therefore, 
erupted  in  an  open  system.  This  precluded  the  sub-surface  build  up  of  juvenile  volatiles  which  is 
requisite  for  the  formation  of  diatreme  and  root  zones.  Subsequent  to  crater  formation,  the  craters 
were  filled  with  primary  pyroclastic  kimberlite  and  re-sedimentation  does  not  appear  to  have  been  an 
important  process.  In  this  respect,  the  Saskatchewan^ pipes  differs  from  maars.  In  Saskatchewan 
much  of  the  infill  was  derived  from  Hawaiian  and  Strombolian-style  eruptions.  In  a  few  pipes  a 
different  kimberlite-specific  eruption  mechanism  has  been  proposed.  This  more  explosive  style  of 
eruption  resulted  from  the  massive  degassing  of  juvenile  volatiles  close  to  surface  and  formed  mega- 
graded  beds  up  to  at  least  90m  thick  within  the  craters.  This  and  other  features  highlight  the  fact  that 
kimberlite  magmas  are  very  different  from  more  common  magma  types. 

Other  examples  of  the  Saskatchewan  model  may  occur  in  Zaire  (Scott  Smith  et  al.,  this  volume)  and 
in  Alberta  at  Mountain  Lake  (Wood  et  al.,  this  volume)  and  Buffalo  Hills  (Carlson  et  al.,  this 
volume).  In  this  area  of  Alberta  l-2km  of  Phanerozoic  sediments  overlie  the  basement.  No  diatreme- 
facies  kimberlite  has  been  identified  at  these  localities  but  the  Cretaceous  pipes  are  infilled  with 
xenolith-poor  volcaniclastic  kimberlite.  It  is  therefore  presumed  that  these  pipes  were  excavated  by 
maar-like  processes.  In  contrast  to  Saskatchewan,  some  of  the  Alberta  pipes  appear  to  be  steeper 
sided  and/or  deeper  (up  to  350m).  The  different  shape  may  reflect  the  variable  nature  of  the 
sediments.  In  Saskatchewan  the  saucer-like  shapes  reflect  the  shallow  location  of  the  aquifer  as  well 
as  the  poorly  consolidated  and  fine  grain  size  of  the  uppermost  Cretaceous  sediments.  In  Alberta  the 
uppermost  Cretaceous  sediments  are  sandier  and  so  can  support  steeper  crater  walls.  The  fact  that 
these  pipes  penetrate  further  than  in  Saskatchewan  implies  that  a  deeper  aquifer  must  have  been 
involved  in  their  formation.  These  localities  together  appear  to  comprise  a  Canadian  Prairies  (+/- 
Zaire)  kimberlite  emplacement  model  where  thick  piles  of  poorly  consolidated  sediments  containing 
no  barrier-forming  igneous  rocks  offer  an  easy  route  to  surface  for  kimberlite  magmas. 

Recently  many  new  kimberlites  have  been  discovered  on  the  Slave  craton  in  the  NWT,  Canada. 
These  kimberlites  can  be  grouped  in  terms  of  age  and  geographic  distribution.  The  youngest  group 
(Cretaceous  to  Tertiary)  occur  in  the  Lac  de  Gras  area  of  the  central  Slave.  Many  of  these  kimberlite 
pipes  appear  to  be  steep  sided  bodies  with  shapes  superficially  similar  to  the  southern  African 
diatremes.  Relative  to  the  southern  African  pipes,  those  at  Lac  de  Gras  appear  to  be  small  and 
infilled  mainly  with  xenolith-poor  volcaniclastic  kimberlite  (primary  pyroclastic  and  resedimented). 
These  Lac  de  Gras  pipes  appear  to  have  formed  by  two  process  :  pipe  excavation  and  pipe  infilling. 
It  seems  unlikely  that  such  deep  pipes  (up  to  +/-600m)  represent  explosion  craters  formed  within  the 
Archaean  basement,  irrespective  of  the  process.  The  similarity  in  pipe  shape  to  the  southern  African 
diatremes  makes  it  tempting  to  suggest  that  a  similar  fluidisation  process  occurred.  However,  no 
comparable  diatreme-facies  infill  (tuffisitic  kimberlite  breccia)  is  present.  It  seems  to  be  significant 
that  the  Lac  de  Gras  pipes  are  at  least  an  order  of  magnitude  smaller  than  many  of  those  in  southern 
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Africa.  This  suggests  that,  if  the  Lac  de  Gras  pipes  formed  by  the  same  processes  as  the  southern 
African  diatremes,  they  resulted  from  less  powerful  eruptions.  The  Archaean  basement  could  impose 
a  difficult  route  to  surface  for  the  kimberlite  magma.  This  would  allow  sub-surface  build  up  of 
juvenile  volatiles  that  possibly  could  form  a  diatreme.  The  country  rock  at  the  time  of  emplacement 
included  poorly  consolidated  clay-rich  sediments  (probably  <100m)  directly  overlying  the  Archaean 
basement.  The  cover  sediments  would  have  allowed  an  easy  breakthrough  to  surface  and  may  even 
have  contained  an  aquifer  to  aid  crater  formation.  This  contrasts  with  the  southern  African 
Cretaceous  situation  where  the  uppermost  country  rocks  at  the  time  of  emplacement  were  competent 
basalts  lavas.  These  basalts  formed  a  major  final  barrier  for  the  kimberlite  magmas  to  penetrate.  The 
lack  of  such  a  cap  rock  at  Lac  de  Gras  would  have  limited  the  amount  of  sub-surface  volatile  build 
up  and  would  result  in  the  formation  of  overall  smaller  diatremes.  Some  pipes  in  the  Lac  de  Gras 
area  contain  only  hypabyssal  kimberlite.  It  is  interesting  to  speculate  why  these  kimberlite  magmas 
did  not  excavate  pipes  similar  to  the  volcaniclastic-infilled  bodies. 

Elsewhere  in  the  Slave  the  known  kimberlites  appear  are  older  (-172-538  Ma.)  and  so  pre-date  the 
Cretaceous  sediments  that  formed  the  cover  in  the  Lac  de  Gras  area.  In  contrast  it  appears  that  in  the 
other  areas  of  the  Slave  the  cover  sediments  were  dominated  by  Palaeozoic  carbonates.  Although 
volcaniclastic  and  hypabyssal  kimberlites  are  also  present,  there  has  also  been  development  of 
southern  African-style  diatremes  infilled  with  the  diagnostic  tuffisitic  kimberlite  breccias. 

Conclusions  :  Kimberlites  are  unique  carbon  dioxide-rich  magmas,  whose  near  surface  emplacement 
is  controlled  by  the  abundance  juvenile  volatiles  and  country  rock  geology.  Two  extreme 
emplacement  models  have  been  identified:  (1)  the  southern  African  model  and  (2)  the  Canadian 
Prairies  model.  In  some  near  surface  environments,  such  as  in  southern  African,  barrier  and  cap 
rocks  retard  the  upward  movement  of  the  magma.  This  produces  closed  magmatic  systems  from 
which  kimberlite-specific  magmatic  processes  generate  pipes  with  distinctive  root,  diatreme  and 
crater  zones,  each  filled  with  different  textural  variants  of  kimberlite.  In  contrast,  where  the  country 
rocks  are  easily  penetrated  by  the  upward  moving  magma,  such  as  in  the  Prairies,  the  resulting  open 
system  precludes  the  build  up  of  juvenile  volatiles.  Phreatomagmatic  processes  dominate  to  form 
maar-like  craters  with  no  diatreme  or  root  zones.  The  shape  of  the  crater  depends  on  the  nature  of 
the  country  rocks  and  the  depth  of  the  aquifer.  The  infilling  can  be  either  primary  pyroclastic  deposits 
with  their  own  kimberlite-specific  characteristics  and/or  re-sedimented  volcaniclastics.  Obviously 
intermediate  types  of  pipes  must  result  from  combinations  of  these  two  end  member  processes  and 
the  newly  discovered  pipes  of  the  Lac  de  Gras  area  of  the  Slave  may  be  such  an  example. 
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TEXTURAL  AND  GENETIC  CLASSIFICATION  SCHEMES  FOR 
KIMBERLITES:  A  NEW  PERSPECTIVE. 
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Textural  variations  in  kimberlites  result  primarily  from  near  surface  emplacement  processes  and  to 
understand  these  requires  a  workable  classification.  In  1979  a  landmark  advance  in  rationalizing 
previous  textural  terminology  for  kimberlites  was  made  by  Clement  and  Skinner  (1979  cited  in  1985) 
when  they  proposed  the  first  widely  accepted,  and  now  well  tested,  textural-genetic  classification 
scheme.  The  main  shortcoming  of  the  Clement  and  Skinner  classification  is  the  fact  that  it  is  genetic 
and  an  initial  decision  regarding  facies  has  to  be  taken  before  a  rock  can  be  classified.  Recent 
discoveries,  particularly  in  Canada,  have  highlighted  this  shortcoming.  The  reverse  logic  should  be 
applied.  Observations  should  first  lead  to  a  non-genetic  descriptive  classification  that  is  then  used  to 
arrive  at  a  genetic  classification  when  possible.  Based  on  this  concept  a  new  textural  classification 
scheme  for  kimberlites  is  proposed  here  (Fig.  1).  This  scheme  is  based  on  the  fundamentals  of 
Clement  and  Skinner  (1985).  The  new  classification  scheme  is  based  on  five  descriptive  textural 
categories  namely:  juvenile  magma  texture,  structure,  clast/grain  size,  xenolith/autolith  content  and 
type  and  cognate  olivine  content  (listed  in  order  of  diagnostic  importance). 

Juvenile  magma  texture:  The  introduction  of  this  descriptive  category  is  the  main  modification  to 
the  previous  classification.  This  category  deals  with  the  textural  products  of  the  kimberlite  magma, 
which  is  the  fundamental  feature  that  reflects  the  mode  of  emplacement.  The  initial  sub-division 
distinguishes  between  rocks  derived  from  either  coherent  or  disrupted  molten  magma.  Those  derived 
from  coherent  magmas  are  referred  to  as  magmatic  kimberlites  and  those  derived  from  disrupted 
magmas  are  described  using  a  new  term  magmaclastic.  Magmatic  rocks  must  have  textural  features 
displaying  crystallisation  from  a  non-disrupted  magma.  Most  magmatic  kimberlites  have  a  well- 
crystallised  groundmass  that  is  easily  identified.  Magmatic  kimberlites  are  further  sub-divided  into 
uniform  and  segregationary  textured  varieties  after  Clement  and  Skinner  (1985).  Magmaclastic 
rocks  are  diverse.  There  are  three  different  types  of  juvenile  magma  clasts,  globular-segregations , 
pelletal  lapilli ,  and  pyroclastic  lapilli  which  are  set  in  a  contrasting  inter-clast  matrix.  The 
identification  of  the  different  types  of  magma  clasts  is  difficult.  The  matrix  is  either  of  magmatic  or 
non-magmatic  origin.  Prior  to  emplacement,  kimberlites  contain  large  quantities  of  cognate  olivine 
crystals  that  can  become  separated  from  the  liquid  magma  during  disruption.  Rocks  formed  by  this 
process  are  catered  for  as  a  sub-type  of  “magmaclastic”  even  though  they  do  not  strictly  contain 
magma  clasts.  However,  they  derive  from  the  same  magma  disruption  process. 

Structure:  It  is  valid  to  use  as  a  descriptor  any  micro-  to  megascopic  feature  that  reflects  the 
structure  of  the  rock.  These  features  are  essential  to  the  successful  interpretation  of  many  rocks.  The 
possibilities  are  almost  endless,  so  terms  are  not  prescribed  here,  but  the  following  examples  serve  to 
demonstrate  the  concept;  monotonous  or  massive,  inhomogeneous,  flow-banded,  bedded,  graded, 
sorted  and  degree  of  packing. 

Grain/clast  size  classification:  This  classification  can  be  used  either  for  magma  clasts  or  olivines 
but  not  to  describe  the  xenoliths  or  autoliths  (see  below).  This  classification  was  devised  to  allow 
correlation  with  kimberlite  grain  size  and  other  volcanological  and  sedimentological  terminology. 
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Xenolith  and  Autoliths:  With  respect  to  abundance,  the  term  breccia  (KB)  and  microbreccia 
(KmB)  are  applied  as  shown  in  Fig.  1.  The  next  sub-division  is  by  rock  type  (see  Fig.  1).  Xenocrysts 
derived  from  all  the  xenolith  types  also  occur.  The  olivine  xenocrysts  derived  from  mantle  xenoliths 
are  catered  for  in  a  separate  category  (see  below). 

Olivine  Content:  Olivine,  an  essential  mineral  in  kimberlite,  is  placed  into  a  separate  category.  The 
use  of  the  terms  macrocrystic ,  sparsely  macrocrystic  and phenocrystic  are  shown  in  Fig.  1 .  The  term 
phenocrystic  is  a  new  term  coined  to  replace  aphanitic  and  is  used  in  all  textural  types. 

Naming  and  interpreting  rocks 

Textural  classification:  The  textural  classification  (Fig.  1)  is  constructed  in  such  a  way  to  illustrate 
that  the  terms  are  mainly  descriptive.  The  naming  of  a  rock  can  derive  from  any  level  of  detail  the 
observations  allow,  and  there  is  no  prescribed  format.  Terms  can  be  omitted  if  they  are  implied 
within  other  descriptors.  All  of  the  observed  features  on  which  the  descriptive  terminology  is  based 
can  be  used  to  obtain  a  genetic  interpretation  (Figs.  1&2).  An  interpretation  is  not  essential,  as  it 
often  cannot  be  achieved  due  to  factors  such  as  the  lack  of  diagnostic  features  or  weathering. 
Proposed  interpretations  will  have  varying  degrees  of  confidence.  Some  examples  are  listed  below: 
Flow-banded,  macrocrystic,  magmatic  kimberlite  with  a  uniform  textured  groundmass  which  is 
interpreted  as  HK  (Plate  la  of  Clement  and  Skinner,  1985). 

Monotonous,  matrix-supported,  pe/letal-magmaclastic,  macrocrystic  kimberlite  lithic  breccia  with 
magmatic  inter-clast  matrix  which  is  interpreted  as  TKB  (Clement  and  Skinner,  1985  plate  2c). 
Bedded,  graded,  clast  supported,  magmaclastic  IF-FK  with  non-magmatic  inter-clast  matrix 
interpreted  as  post-eruptive  RVK  ( epiclastic ;  Clement  and  Skinner,  1985  plate  2d). 

Pipe  zone:  As  a  result  of  this  classification  scheme,  the  description  of  the  pipe  infilling  is  distinctly 
separate  from  concepts  relating  to  pipe  shapes  and  zones.  Kimberlite  pipe  is  used  as  a  non-genetic 
term  to  describe  a  body  that  is  not  sheet-like  in  shape.  The  pipe-zone  concept  is  a  description  of  the 
shape  and  origin  of  different  parts  of  the  pipe  (Fig.  2).  Simple  descriptors  such  as  steep,  shallow  or 
irregular  can  be  used  to  describe  all  or  part  of  the  pipe.  Only  if  the  pipe  can  be  shown  to  have  formed 
by  the  fluidisation  processes  of  the  southern  African  kimberlite  model  (Field  and  Scott  Smith,  this 
volume)  can  the  term  diatreme  zone  be  applied.  The  term  kimberlite  diatreme  becomes  a  very 
specific  term. 

Facies  classification:  Previous  use  of  pipe-zone  and  rock-type  facies  concepts  are  essentially 
correct,  but  they  need  to  be  more  clearly  separated  (Fig.  2).  Textural  types  of  kimberlite  are  typical 
of,  but  not  exclusive  to,  certain  pipe  zones.  Only  if  the  main  infill  of  a  pipe  zone  is  characteristic  of 
that  zone  should  the  terms  crater-fecies,  diatreme-facies  and  hypabyssal-facies  be  applied.  For 
example  a  steep  sided  pipe  infilled  with  VK  should  not  be  termed  a  diatreme  or  the  infill  diatreme- 
facies. 
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Garnet  peridotites  form  the  dominant  rock  type  in  cratonic  mantle  xenolith  suites  carried  by 
kimberlites,  but  are  very  rare  in  non-cratonic  xenolith  suites  hosted  by  alkali  basaltic  volcanics.  This 
presumably  indicates  that  the  generation  of  alkali  basaltic  and  basanitic  host  lavas  of  most  non-cratonic 
spinel  lherzolite  xenolith  suites  is  too  shallow  to  sample  garnet  peridotites,  and  that  exceptional 
tectonic  circumstances  are  required  to  permit  sampling  in  the  garnet  stability  field.  These  rare  garnet 
peridotite  occurrences  are  important,  as  they  manifest  relatively  fertile  major  element  compositions, 
and  appear  to  confirm  the  compositional  difference  between  cratonic  and  non-cratonic  mantle 
lithosphere  recognised  on  the  basis  of  the  abundant  spinel  lherzolite  samples. 

The  examples  of  non-cratonic  garnet  peridotites  which  have  been  described  to  date  appear  to  be  either 
in  a  behind-arc  setting  in  volcanics  triggered  by  asthenospheric  upwelling  in  response  to  subduction, 
such  as  those  at  Mingxi  and  Xilong  in  southeastern  China  (Cao  and  Zhu,  1987)  and  at  Pali  Aike  in 
southern  South  America  (Stem  et  al.,  1989),  or  they  occur  in  distal  expressions  of  rift-related 
volcanism  on  the  flanks  of  continental  rifts,  such  as  the  Vitim  Plateau  in  Transbaikalia,  eastern  Siberia 
(Ionov  et  al.,  1993). 

On  the  basis  of  new  studies  of  in-situ  trace  element  compositions  of  garnet-  and  spinel-peridotites 
from  the  Vitim  Plateau  (Glaser  et  al.,  1998)  and  a  thorough  study  of  garnet-  and  spinel-peridotites 
from  the  northern  end  of  the  Lambert-Amery  rift  in  eastern  Antarctica  (Andronikov  et  al.,  1998),  we 
describe  here  common  features  of  rift-related  gamet-peridotites,  including  episodic  melt  infiltration 
features  resulting  from  earlier  melt  production  in  the  developing  rift.  These  occurrences  of  rift-related 
garnet  peridotites  were  both  sampled  by  alkali  picrite  magmas,  whereas  the  back-arc  examples  occur 
in  much  Mg-poorer  alkaline  volcanics.  The  generation  of  the  alkali  picrites  can  also  be  related  to 
processes  in  the  developing  rift. 

Garnet-bearing  peridotites  of  the  Bereya  Quarry,  Vitim  Plateau,  Siberia 

The  Vitim  Plateau  basaltic  province  is  situated  ~250km  east  of  central  Lake  Baikal  and,  like  a  group  of 
Cenozoic-Quatemary  basalt  fields  600-900km  away  to  the  south  and  south-west  of  the  lake,  is  related 
to  the  Baikal  rift.  Several  localities  are  known  from  the  Vitim  Plateau  in  which  garnet  peridotites  occur 
subordinate^  to  spinel  lherzolites  (Ashchepkov  et  al.,  1994),  and  one  where  garnet-bearing 
lherzolites  dominate,  forming  80%  of  the  xenolith  population.  This  is  the  Bereya  quarry,  previously 
referred  to  as  “tuff-pit”  by  Ionov  et  al.  (1993),  in  which  the  xenoliths  are  hosted  by  an  alkaline  picrite 
tuff  with  14.5-17.4%  MgO,  1.0-2.0%  K20  and  0.57-0.81%  Na^  (Ashchepkov,  1991). 

Garnet  peridotites  from  Bereya  were  previously  described  by  Ionov  et  al.  (1993).  We  have  found 
similar  garnet  lherzolites  in  which  spinel  occurs  only  as  inclusions  in  garnet  and  others  with  more 
spinel  in  which  spinel  occurs  outside  garnet,  generally  as  inclusions  in  clinopyroxene,  but  we  have 
also  found  more  evidence  of  metasomatic  enrichment.  Amphibole  occurs  predominantly  in  veins 
(Ionov  et  al.,  1993),  and  as  a  disseminated  phase  in  spinel  lherzolites,  Phlogopite  occurs  in  the  veins 
and  also  in  garnet  lherzolites.  Additionally,  one  strongly  sheared  spinel  lherzolite  with  a  glass-bearing 
mosaic  texture  was  found,  but  does  not  show  the  enrichment  of  Fe  and  Ti  that  is  characteristic  of 
sheared  peridotites  in  kimberlites. 

Three  types  of  reaction  could  be  distinguished  petrographically  within  the  xenoliths:  (1)  Replacement 
of  spinel,  opx  and  cpx  by  garnet  and  olivine,  which  is  probably  a  result  of  isobaric  cooling  close  to 
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the  spinel-/gamet-  peridotite  transition  pressure;  (2)  Reaction  coronas  between  garnet  and  cpx  as  a 
result  of  cpx-introduction  by  infiltration  of  a  silicate  melt.  The  new  cpx  can  also  be  found  replacing 
former  melt  morphologies,  defining  apparent  dihedral  angles  corresponding  to  melt/olivine/olivine 
junctions  and  much  too  small  for  equilibrium  angles  between  three  solid  silicate  phases;  (3) 
Symplectite  rims  around  garnet  and  glassy  rims  around  individual  cpx  and  amphibole  crystals.  These 
are  unaffected  by  the  identity  of  neighbouring  phases  and  are  commoner  close  to  the  edge  of 
xenoliths,  and  so  are  interpreted  as  being  due  to  melting  caused  by  heating  and  decompression  in  the 
host  magma. 

Laser-ICP-MS  analysis  of  all  constituent  minerals  with  ablation  crater  diameters  of  40-80gm  failed  to 
detect  significant  zonation  in  trace  elements  even  in  cases  with  petrographic  evidence  for  melt 
infiltration.  However,  microchemical  support  for  melt  infiltration  is  present  in  the  form  of  trace 
element  disequilibrium  between  minerals:  calculation  of  trace  element  abundances  in  the  infiltrating 
melt  via  experimental  mineral/melt  partitioning  data  sets  shows  the  melt  to  have  been  similar  to  the 
host  alkali  picrite  on  the  basis  of  cpx  and  amphibole  analyses,  whereas  garnet  shows  a  much  less 
enriched  pattern.  This  is  consistent  with  incomplete  re-equilibration  of  garnet  with  the  infiltrating  melt. 

Garnet-bearing  peridotites  from  Jetty  Peninsula,  East  Antarctica 

The  Jetty  Peninsula  is  situated  adjacent  to  Beaver  Lake  at  the  northwestern  end  of  the  Lambert- Amery 
Rift  close  to  the  Amery  Ice  Shelf  in  eastern  Antarctica.  Garnet-spinel  lherzolite  xenoliths  occur  in  two 
volatile-rich  alkaline  picrite  intrusives  of  late  Jurassic  age  (145-150  Ma),  and  were  thus  sampled 
during  an  intermediate  stage  of  the  long  history  of  development  of  this  large  rift  system.  MgO 
contents  of  the  picrites  are  18.0-20.6%,  K20  =  1. 7-2.0%  and  Na20  =  1.4-2. 5%.  The  intrusives  occur 
together  with  ultramafic  lamprophyres  containng  melilite  and  carbonates. 

Petrographic  and  mineral  chemical  features  of  the  Jetty  Peninsula  garnet-spinel  lherzolites  are 
summarised  by  Andronikov  et  al.  (1998).  Pertinent  to  the  present  discussion  is  the  existence  of  a 
petrographic  distinction  between  homogeneous  spinel  lherzolites  (HSL)  with  depleted  major  element 
chemistry  and  inhomogeneous  spinel  lherzolites  (ISL)  which  are  variably  re-enriched,  reaching  from 
samples  as  depleted  as  the  HSL  to  apparently  fertile  compositions  such  as  those  of  the  garnet-spinel 
lherzolites  (IGSL).  Unlike  the  Bereya  peridotites,  the  minerals  in  the  Jetty  Peninsula  ISL  and  IGSL 
peridotites  show  distinct  chemical  zonation  between  cores  and  glass  inclusion-rich  rims.  Further 
details  of  mineral  chemistry  are  given  by  Andronikov  et  al.  (1998). 

Similarites  and  differences  between  the  Bereya  and  Jetty  Peninsula  garnet  lherzolites 

The  Bereya  and  Jetty  Peninsula  garnet  peridotite  localities  have  several  characteristics  in  common, 
namely  peripheral  positions  on  the  flanks  of  major  continental  rifts,  alkali-picrite  host  magmas,  both 
spinel-  and  garnet-bearing  peridotite  parageneses,  and  strong  petrographic  and  chemical  evidence  for 
episodes  of  infiltration  by  silicate  melts  in  the  upper  mantle. 

Geophysical  studies  of  the  Baikal  rift  show  the  Vitim  Plateau  to  be  situated  directly  to  the  southeast  of 
a  sharp  increase  in  lithosphere  thickness,  where  the  lithosphere  is  between  110  and  130km  thick.  This 
feature  is  defined  by  an  anomalous  mantle  layer  which  can  be  interpreted  as  representing  partially 
molten,  possibly  plume,  material  (Zorin  et  al.,  1989).  The  age  of  the  garnet  peridotite  locality  is  given 
as  13  Maby  Ashchepkov  et  al.  (1994).  Comparable  geophysical  data  for  the  Lambert- Amery  rift  are 
lacking  due  to  its  remoteness.  The  Jetty  Peninsula  region  is,  however,  positioned  closer  to  the  flanks 
of  the  rift  than  is  the  Vitim  Plateau,  although  the  unconfirmed  possibility  of  Archean  basement  in  the 
northern  Prince  Charles  Mountains  does  not  discount  the  possibility  of  a  steeper  increase  in 
lithosphere  thickness  away  from  the  rift  relative  to  the  Baikal  rift. 

The  peridotites  of  both  areas  give  comparable  pressure-temperature  estimates  at  or  just  below  the 
spinel-  to  garnet  lherzolite  transition  zone.  Both  xenolith  suites  bear  evidence  for  reaction  with 
infiltrating  silicate  melts:  in  the  case  of  Bereya,  this  takes  the  form  of  infiltration  textures  and  non¬ 
equilibrium  trace  element  distributions,  whereas  the  Jetty  peridotites  preserve  major  element  zonation. 
Also  preserved  in  the  Antarctic  peridotites  is  the  progression  from  a  lower  pre-rift  continental  (but 


218 


non-cratonic)  geothermal  gradient  to  a  higher  one  typical  of  rifts  shown  by  most  xenoliths 
(Andronikov  et  al.,  1998).  This  clearly  demonstrates  the  increase  in  thermal  gradient  at  the  flanks  of 
the  rift,  which  is  also  manifested  in  episodes  of  melt  infiltration  showing  the  widening  of 
asthenospheric  influence  by  upward  and  outward  migration  of  melt  infiltration  into  the  pre-existing 
lithosphere  as  the  rift  developed. 

Genesis  of  the  alkali-picrite  host  magmas 

The  coincidence  of  two  non-cratonic  gamet-bearing  peridotite  xenolith  localities  both  with  alkali 
picrites  as  the  host  magma  type  is  intruiging.  Furthermore,  the  peridotites  of  both  areas  contain 
evidence  for  melt  infiltration  probably  associated  with  earlier  episodes  of  rift  activity.  At  least  for  the 
Bereya  xenoliths,  trace  element  modelling  allows  the  infiltration  to  be  attributed  to  an  earlier  episode 
of  melt  generation  similar  to  the  alkali  picrite  which  later  brought  the  xenoliths  to  the  Earth’s  surface. 
These  features  appear  ideal  for  the  invocation  of  the  vein-plus-wall-rock  melting  scenario  suggested  to 
be  able  to  produce  alkali  picrites  by  Foley  (1992).  In  this  scenario,  widening  of  the  rift  through  time 
would  produce  repeated  episodes  of  melting  in  the  upwelling  asthenosphere  which  would  lead  to 
veining  of  the  underside  of  the  lithosphere  to  progressively  higher  and  more  distal  levels.  During  later 
episodes,  veins  formed  in  earlier  episodes  are  reactivated  due  to  their  lower  melting  temperatures  and 
the  melts  derived  from  the  non-peridotitic  vein  assemblages  react  with  the  neighbouring  wall-rock  to 
produce  a  hybrid  melt  characterised  by  the  incompatible  element  budget  of  the  vein  melt  but  the 
compatible,  and  to  a  large  extent,  major  element  budget  of  the  wall-.rock.  Furthermore,  in  the  case  of 
a  propagating  rift,  as  for  a  plume  at  the  underside  of  stable  continental  lithosphere,  a  substantial 
proportion  of  melt  can  be  expected  to  come  from  decompression  melting  of  asthenospheric  peridotite, 
which  adds  a  third  component  to  the  hybrid  melt  mixture.  The  metasomatised  peridotite  samples  do 
not  themselves  represent  the  vein  material,  but  are  infiltrated  by  melt  of  a  similar  origin  to  the 
magmatic  rocks  now  hosting  the  xenoliths.  The  difference  in  K^O/Na^  of  the  alkali  picrites  between 
the  two  regions  is  probably  attributable  to  a  higher  proportion  of  mica  relative  to  amphibole  in  the 
veins  of  the  Vitim  Plateau,  whereas  the  high  MgO  contents  of  the  alkali  picrites  show  that  extensive 
imput  from  asthenospheric  melting  must  have  occurred  to  dilute  the  strongly  incompatible  element- 
enriched  initial  vein  melts.  Propagating  rifts  and  plume-influenced  stable  continental  areas  represent 
ideal  situations  for  the  production  of  alkali  picrites  by  this  mechanism,  which  require  the  melting  of 
lithospheric  veins  contemporaneous  with  asthenospheric  melting  at  relatively  deep  mantle  levels. 
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Melting  processes  in  veined  lithospheric  mantle 
in  cratonic  and  non-cratonic  settings 
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Partial  melting  of  veins  in  the  lower  lithosphere  consisting  dominantly  of  clinopyroxene  and  hydrous 
minerals,  and  subsequent  reaction  of  vein-derived  melts  with  the  peridotite  wall-rocks  may  be  the  best 
way  to  explain  the  geochemical  characteristics  of  lamproites  and  kimberlites.  A  melt  which  forms  in  a 
vein  with  different  mineralogy  to  peridotite  will  not  be  in  equilibrium  with  the  peridotite  and  so  the  two 
will  react  during  the  melting  process  at  a  temperature  below  the  melting  point  of  peridotite.  This 
reaction  process  should  not  be  confused  with  those  invoked  recently  to  explain  calc-alkaline  melts  or 
the  production  of  olivine-rich  regions  within  peridotites,  since  it  is  an  integral  part  of  the  melting 
process  rather  than  taking  place  later  during  transport  of  melt  towards  the  Earth’s  surface. 

The  ultimate  origin  of  the  veins  a  consequence  of  a  transition  between  channelled  flow  regime  in  the 
lithosphere  and  porous  flow  regime  at  deeper  levels  below  continental  regions.  This  reference  to  flow 
regimes  does  not  mean  that  melt  is  always  present  in  these  areas,  but  merely  that  these  flow  regimes 
apply  when  melting  occurs  due  to  either  the  episodic  passing  of  a  mantle  plume  or  to  extension  within 
the  overlying  lithosphere.  Remelting  of  the  veins  at  a  later  stage  will  result  in  magmatic  effects  whose 
nature  and  magnitude  depend  on  the  extent  of  the  heating  and  on  the  tectonic  environment.  In  cratonic 
regions,  restricted  heating  will  cause  local  mantle  metasomatism  related  to  the  progression  of  veining  to 
higher  and  wider  lithospheric  levels;  more  extensive  heating  will  produce  surface  magmatic  activity 
such  as  lamproites  and  kimberlites,  and  maybe  various  types  of  more  voluminous  magmas  with 
incompatible  element-rich  signatures,  such  as  alkaline  picrites  (Foley  et  al.,  1998). 

Methods  of  investigation  of  veined  mantle  melting 

The  major  questions  for  research  before  these  melting  mechanisms  and  their  chemical  effects  on 
magmas  can  be  quantified  are  the  melting  temperatures  and  melt  compositions  produced  by  various 
likely  vein  assemblages,  the  relation  of  these  melting  temperatures  to  the  ambient  geotherm,  the  exact 
melting  reactions  and  identity  of  the  residual  minerals,  the  mechanisms  of  infiltration  of  these  melts 
into  wall-rocks,  the  nature  of  the  ensuing  hybridisation  reactions  between  melts  and  wall-rocks,  and  the 
timing  of  the  extraction  of  the  “primary”  melt  from  the  source  region.  The  petrology  group  in 
Gottingen  is  tackling  several  of  these  lines  of  investigation  by  means  of  experimental  melting  of  vein 
assemblages,  studies  of  melt  infiltration  in  natural  ultramafic  rocks,  and  experimental  studies  of  melt 
morphology  and  surface  energies  between  melts  and  the  mineral  constituents  of  relevant  ultramafic 
rocks.  Here,  we  concentrate  on  the  determination  of  melting  temperatures  and  the  compositions  of  vein- 
derived  melts,  and  derive  a  few  general  interpretations  from  the  results. 

Summary  of  experimental  results  on  melting  of  vein  assemblages 
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As  a  first  step  towards  the  quantification  of  these  processes,  we  have  carried  out  melting  experiments 
on  model  vein  assemblages  chosen  to  represent  veins  in  the  lower  lithosphere  beneath  cratons  and  in 
the  lower  continental  lithosphere  away  from  the  cratons.  The  “  cratonic”  assemblages  consist  of  a  third 
each  of  Cpx,  phlogopite  (Phi)  and  potassic  richterite  (KR)  with  or  without  accessory  rutile  (Ru), 
ilmenite  (Ilm)  or  apatite  (Ap)  (Foley,  et  al.,  1995),  whereas  the  “  non-cratonic”  veins  consist  of  various 
proportions  of  low-Ti  pargasite  (Am),  Ap,  Cpx  and  biotite  (Mica).  The  experimental  approach  consists 
of  two  series  of  experiments:  (1)  experiments  to  determine  the  solidus  temperature,  and  (2)  extraction 
trap  experiments  to  isolate  melts  as  larger  areas  of  glass  for  major  and  trace  element  analysis.  This 
circumvents  the  problem  of  modification  of  melt  compositions  during  quenching  after  the  experiment. 

Table  1  lists  several  melt  compositions  obtained  as  averages  of  multiple  analysis  points  on  glasses  in 
melt  traps  from  experiments  on  “cratonic”  (analyses  1-3)  and  “non-cratonic”  veins  (4-7).  The  most 
important  generalities  which  can  be  made  about  the  melting  processes  and  melt  compositions  are: 

(1)  Melting  points  do  not  differ  greatly  as  a  function  of  vein  assemblage  as  long  as  amphibole  or  mica 
is  present.  Melting  points  at  15  kbar  are  in  the  range  1025-1075°C  for  assemblages  containing  either 
alkali  or  calcic  amphiboles,  whereas  mica-pyroxenites  melt  at  1100-11 25 °C  at  the  same  pressure. 
Experiments  at  50  kbar  on  the  “cratonic”  assemblages  show  that  they  exhibit  a  melting  curve  with  a  P- 
T  slope  much  steeper  than  geothermal  gradients,  as  is  typical  of  dehydration  melting  reactions,  meaning 
that  the  temperature  perturbation  necessary  to  cause  melting  in  the  veins  is  reduced  towards  higher 
pressures  and  thus  at  lower  levels  of  the  lithosphere. 

(2)  Melt  compositions  are  primarily  controlled  by  the  identity  and  composition  of  the  amphibole,  if 
present.  Cratonic  vein  assemblages  with  alkali  amphibole  melt  incongruently  to  melts  rich  in  SiO:  and 
K20.  but  poor  in  CaO  and  A1203  (Table  1).  Non-cratonic  vein  assemblages  with  calcic  amphiboles  form 
melts  with  37-39%  Si02,  5-6%  Ti02  and  only  2-3%  P205  despite  high  apatite  contents  in  the  starting 
assemblage.  The  presence  of  additional  accessory  minerals  such  as  Fe-  and  Ti-oxides  does  not  greatly 
affect  melting  temperatures,  but  melt  compositions  (both  major  and  trace  elements)  are  strongly 
influenced  by  the  rapid  elimination  of  these  phases  during  melting  (see  Table  1,  melts  1-3).  Vein-melt 
compositions  in  their  unreacted  form  are  unlike  all  surface  melts.  The  “  cratonic”  melts  most  resemble 
leucite  lamproites,  although  they  diverge  from  such  compositions  when  accessory  phases  are  also 
present  in  the  veins.  Melts  from  “non-cratonic”  vein  assemblages  are  broadly  similar  to  nephelinites 
and  melilitites.  Differences  between  partial  melts  of  such  veins  (provided  they  are  amphibole-bearing) 
and  those  of  amphibole  peridotites  are  likely  to  be  subtle,  because  both  are  controlled  principally  by 
high  modal  melting  of  calcic  amphibole. 


Cratonic  veins 

Non-cratonic  veins 

Expt.No 

1 

2 

3 

4 

5 

6 

7 

Minerals 

Cpx+Phl+ 

Kr 

Cpx+Phl+ 

KR+Ilm 

Cpx+Phl+ 

KR+Ru 

Am+Ap 

Am+Ap+ 

Cpx 

Am+Ap+ 

Mica 

Am+Ap+ 

Mica*Cpx 

Temp. 

1050 

1025 

1025 

1100 

1100 

1100 

1125 

Si02 

56.03 

50.22 

50.78 

36.76 

37.64 

38.73 

37.30 

Ti02 

1.59 

10.61 

11.36 

6.18 

5.39 

5.17 

6.06 

A1203 

4.81 

2.71 

2.80 

13.04 

13.18 

14.16 

15.66 

FeO 

5.81 

7.20 

4.97 

12.77 

12.63 

12.41 

10.33 
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MgO 

CaO 

Na20 

K20 

P205 

8.56 

3.25 

4.82 

13.75 

8.81 

4.40 

4.54 

10.56 

8.82 

6.48 

5.17 

9.95 

9.59 

14.56 

2.76 

1.83 

1.78 

7.43 

15.19 

2.69 

1.89 

3.25 

6.54 

14.71 

1.90 

2.95 

2.91 

13.95 

6.94 

2.15 

5.06 

2.05 

Mg#  I 

72.4 

68.6 

74.7 

64.0 

58.2 

55.5 

76.2 

Table  1:  Major  element  compositions  of  melts  of  vein  assemblages  derived  from  multiple  electron 
probe  analyses  of  glasses  in  melt  traps  (all  experiments  at  15kbar).  Cpx=clinopyroxene; 
Phl=phlogopite,  Ilm=ilmenite;  Ru=rutile;  KR=alkali  amphibole  (potassic  richerite);  Am=calcic 
amphibole  (low-Ti  pargasite);  Ap=apatite;,  Mica=biotite.  Melts  from  non-cratonic  assemblages  also 
contain  1.8-3. 2  wt%  fluorine.  Mg#  =  100Mg/(Mg+Fe) 


(3)  Progressively  increasing  degree  of  melting  in  the  vein  assemblage  leads  to  an  increase  in  the  Mg# 
of  the  melt  because  the  minerals  undergoing  melting  originate  as  cumulate  crystals  with  hgih  Mg#.  For 
example,  the  Mg#  of  72  for  melt  composition  1  in  Table  1  corresponds  to  17%  melting,  whereas  this 
increases  to  90  by  40  %  melting  (at  1200°C).  These  Mg#  are  much  higher  than  those  generally 
expected  for  mantle  melts. 

(4)  In  terms  of  potential  reaction  between  vein-derived  melts  and  peridotite  wall-rocks,  the  melts  are 
saturated  with  Cpx  and  olivine  (formed  by  incongruent  of  melting  of  amphibole  and  particularly  mica), 
so  that  it  is  chiefly  Opx  and  the  alumina-rich  phases  garnet  or  spinel  in  the  wall-rock  which  are 
endangered.  However,  for  the  “  cratonic”  melts  of  KR-bearing  assemblages  Opx  will  probably  show 
little  reaction  with  a  melt  with  56%  Si02,  so  that  reaction  with  01  and  Opx  may  be  restricted  to  an 
exchange  of  components  to  achieve  equilibrium  values  for  Mg#  and  compatible  trace  elements  (CTE), 
such  as  Ni  and  Mn.  Furthermore,  because  the  Mg#  of  the  incoming  melt  is  higher  than  the  value  for 
melts  in  equilibrium  with  peridotite,  the  reaction  will  cause  Mg/Fe  in  the  melt  to  decrease,  which  will 
help  to  keep  the  melt  from  crystallising  (Mg  is  a  more  refractory  component  than  Fe)  and  enable  the 
reacted  melt  to  move  further.  Zoning  of  01  and  Opx  in  Mg#  and  CTEs  may  prove  to  be  a  useful  tool  to 
recognise  melt  infiltration  into  peridotites  where  other  evidence  for  infiltration  has  not  been  preserved. 

Other  investigations  and  applications 

The  possible  application  of  vein  plus  wall-rock  melting  to  a  variety  of  other  rock  types  and  tectonic 
settings  such  as  flood  basalt  provinces  (Foley,  1992;  Foley  et  al.,  1998),  subduction-related  volcanism 
(Luhr,  1997)  and  even  some  ocean-island  basalts  can  be  considered,  which  widens  the  palette  of 
possible  vein  assemblages.  The  assemblages  studied  here  were  chosen  as  likely  candidates  for  veins  in 
the  continental  lithosphere  which  melt  at  the  lowest  temperatures.  Mica-pyroxenites  are  thought  to  be 
produced  in  subduction  zones,  and  Phi-,  Ilm-  and  Am-bearing  veins  are  found  as  xenoliths  in  these 
regions  (e.g.  Stem  et  al.,  1989).  However,  any  assemblages  whose  melting  temperatures  are  appreciably 
below  that  of  peridotite  but  only  marginally  above  the  ambient  geotherm  will  be  important  melt 
producers,  even  if  they  form  only  a  relatively  small  proportion  of  all  mantle  vein  assemblages.  Of  the 
possibly  important  vein  assemblages  not  yet  covered  in  our  study,  gamet-bearing  assemblages, 
especially  garnet  pyroxenites,  feature  prominently  in  xenolith  suites.  Experimental  determinations  of 
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their  melting  points  to  date  give  diverse  results  (see  compilation  by  Hirschmann  and  Stolper,  1996), 
whereby  the  lowest  temperature  is  comparable  to  the  highest  temperature  melting  points  for  the 
amphibole-bearing  assemblages  in  our  study. 

A  central  question  in  the  reaction  process  between  melt  and  wall-rock  is  the  infiltration  mechanism, 
which  affects  both  the  extent  of  wall-rock  reaction  possible  and  the  timing  of  ultimate  melt  extraction 
from  the  source  region.  It  has  become  accepted  to  invoke  porous  flow  theory  in  which  dihedral  angles 
between  melts  and  minerals  determine  whether  infiltration  can  occur;  the  speed  and  thus  volume  of 
melt  migration  is  controlled  largely  by  the  melt  viscosity.  However,  recent  studies  of  experimental 
charges  have  recognised  an  array  of  coexisting  melt  morphologies  (Drury  and  Fitzgerald,  1996;  Cmiral 
et  al.,  1998)  which  may  cause  the  effectively  extractable  melt  fraction  to  be  larger  than  hitherto 
expected.  Variance  of  surface  energies  as  a  function  of  crystallographic  orientation  also  needs  to  be 
considered  because  of  the  strong  preferred  orientation  to  be  expected  in  veins  formed  by  wall- 
accumulation  of  crystals  in  these  parageneses. 
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Structural  control  on  kimberlite  genesis  and  crustal  emplacement  within  South 
Africa  and  the  Kaapvaal  Craton  during  the  Cretaceous 
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There  has  been  considerable  debate  worldwide  about  the  process(es)  responsible  for  alkaline  magmatism, 
including  kimberlites  and  related  rocks.  Plume  models  are  supported  py  apparent  hot-spot  tracks  (e.g. 
Morgan,  1972;  Gass  et  al.,  1978;  Crough  et  al..  1980)  and  extensional  models  are  supported  by  lineament 
analysis  or  timing  of  alkaline  volcamsm  in  relation  to  extensional  tectonics  (e.g.  Tfykes.  1978;  Bailey, 
1993;  White  et  al.,  1995).  Though  the  issue  is  contentious,  lithospheric  sources  for  the  kimberlites, 
significant  numbers  of  ages  that  ao  not  fit  apparent  tracks,  and  uncertainty  as  to  the  location  of  plumes 
relative  to  the  Kaapvaal  Craton  in  the  Cretaceous  (e.g.  O’Conner  &  Duncan,  1990)  are  not  supportive  of 
simple  plume  models  for  the  kimberlitic  magmatism  in  South  Africa  (Skinner  et  al  1995;  Smith  &  Barton, 
1995).  In  addition,  there  is  little  evidence  for  the  contention  that  Cretaceous  kimberlites  in  South  Africa 
occur  in  association  with  major  continental  rift  systems,  because  of  the  absence  of  rock  types  (e.g. 
carbonatites  and  other  alkaline  volcanics)  normally  found  within  such  an  extensional  setting.  The 
attenuation  and  thinning  of  the  lithosphere  that  would  accompany  rifting  processes  could  be  expected  to 
rule  out  the  formation  of  diamondiferous  kimberlitic  magmas  within  rift  systems  (Mitchell,  1986). 
Furthermore,  major  Archaean  lineaments  within  the  Kaapvaal  Craton  which  could  be  construed  as  rifts, 
were  seen  until  recently  to  have  had  no  influence  on  the  distribution  of  Phanerozoic  kimberlites  (Skinner 
et  al.,  1992).  However,  in  a  tectonic  reconstruction  and  interpretation  of  the  Kaapvaal  Craton,  Friese  et  al. 

Oand  Friese  (in  prep.)  identified  several  major,  possibly  trans-lithospheric  Archaean  terrane 
iries  (suture  zones)  within  the  craton  and  demonstrated  their  repeated  control  as  tectonic  relay- 
structures  over  the  tectono-sedimentary  and  magmatic  evolution  of  the  Kaapvaal  Craton  since  the  late 
Archaean  to  present  time. 

Smith  et  al.  (1993)  and  Smith  &  Barton  ( 1 995)  compiled  emplacement  ages  of  Phanerozoic  alkaline 
magmas  on  the  Kaapvaal  Craton  and  concluded  that  a)  ages  range  from  245  Ma  to  about  35  Ma,  with  all 
known  Group  II  kimberlites  being  older  than  about  1 14  Ma,  and  younger  kimberlites  and  related  rocks 
being  all  of  Group  I  affinity;  and  b)  two  peaks  of  eruptive  activity  occur  at  1 20  to  118  Ma  (Group  II)  and 
86  Ma  (Group  I).  The  authors  suggested  correlations  of  the  main  eruptive  events  with  other  geodynamic 
features,  as  opposed  to  plume  or  extensional  models.  They  pointed  out  that  the  main  Group  II  event  could 
be  a  response  to  lithospheric  stresses  induced  by  initial  opening  of  the  Atlantic  Ocean,  and/or  a  change  in 
the  direction  of  absolute  motion  of  the  African  plate  at  that  time.  The  main  Group  I  eruptive  event  occurred 
at  a  time  of  particularly  rapid  motion  of  the  African  plate.  Isotopic  data  constrain  the  sources  for  the 
alkaline  magmas  and  kimberlites  to  lie  within  the  subcontinental  lithosphere,  and  not  within  an 
asthenospheric  plume  that  the  African  plate  may  have  migrated  over.  The  source  regions  of  kimberlite 
production  changed  in  time,  with  the  Group  I  source  being  tapped  only  sporadically  prior  to  1 14  Ma,  and 
the  ancient  enriched  Group  II  source  being  completely  eliminated  as  a  kimberlite  source  after  1 14  Ma.  This 
may  fit  a  model  of  extensional  melting  in  response  to  Gondwana  fragmentation  (Smith  &  Barton,  1995). 
In  recent  years,  research  regarding  neotectonic  activity  in  Southern  Africa  has  revealed,  that  there  is  a 
striking  match  between  the  tectonic  fabric  of  the  southeast  Atlantic  and  southwest  Indian  oceans  and  the 
tectonic  fabric  of  the  African  subcontinent  (e.g.  Andreoli  et  al.  1996).  It  is  evident  that  a  number  of  major 
oceanic  transform  faults  or  fracture  zones  continue  into  on-shelf  and  on-shore  joints/faults  of  the  South 
African  continent.  In  addition,  neotectonic  activity  in  Southern  Africa  has  been  analysed  in  terms  of  known 
stress  fields  and  it  is  clear  today,  that  the  African  plate  south  of  the  equator  appears  divided  in  two  zones 
of  compressive  stress  orientation:  one  zone  of  predominant  NNE-directed  trends  which  corresponds  to  the 
East  African  Rift  system,  and  a  second  zone  in  southern  Africa,  but  including  the  southwest  Indian  and 
southeast  Atlantic  oceans,  characterized  by  NW-WNW  trends  (Zoback  et  al.,  1992;  Andreoli  et  al.,  1996). 
Most  of  South  Africa,  Namibia  and  the  floor  of  the  adjacent  oceans  is  dominated  by  this  pervasive,  NW- 
WNW-trending,  horizontal  compressive  stress  field  ofaeep-seated,  undetermined  origin  for  which  the  term 
Wegener  Stress  Anomaly  (WSA)  was  proposed  (Andreoli  et  al.,  1996).  The  WSA  appears  to  have  existed 
already  in  the  Jurassic,  before  the  break-up  of  Gondwana,  which  is  indicated  by  the  orientation  of  major 
Jurassic  dyke  swarms  in  South  America,  south  Africa,  Botswana  and  Zimbabwe,  and  persisted  during  the 
south  Atlantic  break-up  phase  in  the  Cretaceous  (indicated  by  WNW-trending  Cretaceous  kimberlite  dykes 
in  Lesotho)  until  today.  Off-shore  fault  zones  caused  by  the  WSA  include  the  WNW-trending,  so-called 
Ceres-Prince  Edwarcf  Fracture  Zone  (CPEFZ)  and  Trans  Indian  Fracture  Zone  (TIFZ)  in  the  southwest 
Indian  Oyean.  Short  periods  of  waning  during  the  Late  Cretaceous  caused  the  stress  field  to  be  dominated 
by  NE-directed  ridge  push,  which  lea  to  strike-slip  along  the  Falkland- Agulhas  Fracture  Zone  and  the 
formation  of  the  Cape-Tzaneen  Fracture  Zone  (CTFZ),  the  on-shore  continuation  within  the  South  African 
continent  of  the  False  Bay  Fracture  Zone  (Andreoli  et  al.,  1996)  (Fig.  1).  It  is  now  proposed;  that  the 
Gondwana  fragmentation  with  the  opening  of  the  Atlantic  and  Indian  oceans  and  related  tectonics  of  the 
CPEFZ/TIFZ,  peaked  between  the  Mid-Cretaceous  and  the  Eocen,  and  provided,  in  conjunction  with  the 
CTFZ  and  other  related  NE-striking  fracture  zones,  the  structural  setting  ana  control,  that  may  have 
triggered  the  broadly  coeval  eyelets)  of  post-Karoo  magmatism  in  southern  Africa  (Bailey,  1992;  Smith 
&  "Barton,  1995;  Andreoli  et  al.,  1996). 

With  regard  to  the  distribution  and  orientation  of  Cretaceous  kimberlite  pipes  and  dykes  within  South 
Africa  and  the  Kaapvaal  Craton,  some  fundamental  conclusions  can  be  drawn:  The  majority  of  kimberlite 
pipe  clusters  occur  at  the  intersection  of  NW/SE-  and  NE/SW-trending  fractures  belonging  to  the  post- 
Karoo-recent  CPEFZ/TIFZ  and  CTFZ,  respectively.  Kimberlite  dykes  occupy  both  sets  oT  fracture  zones. 
Some  kimberlite  pipe  clusters  occur  at  the  intersection  of  these  Phanerozoic  fractures  zones  with  major 
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Archaean  terrane  boundaries  or  Archaean  crustal  fault  systems  within  the  Kaapvaal  Craton  (Fig.  1). 
Kimberlite  pipes  (e.g.  Saaiplaas  pipe)  encountered  in  the  Free  State  Goldfield  occur  at  the  intersection  of 
WNW-ESE  trending  kimberlite  dykes  and  major  pre-existing  Platberg-age  faults  (e.g.  De  Bron  Fault).  The 
absence  of  any  major,  deep-seated  Archaean  lineaments  within  the  area  of  the  Free  State  Goldfield 
indicates,  that  the  WN W-trending  fissure-  and  fracture-system  (TIFZ).  that  formed  since  post-Karoo  time 
and  has  been  invaded  by  Cretaceous  kimberlite  magmas,  is  deep-seated  and  functioned  as  primary  conduits 
for  these  magmas.  The  non-franslithospherfr  Archaean  crustal  Fault  system  experienced  minor  reactivation 
in  Cretaceous  time  and  was  partially  utilized  as  pathways  for  the  ascending  kimberlitic  magmas, 
particularly  where  transected  by  the  CPEFZ/TIFZ. 

World-wide  observations  and  the  above  documented  findings  from  the  Kaapvaal  Craton  have  clearly 
shown,  that  in  most  cases  the  sites  of  intracontinental  anorogenic  alkaline  magmatic  activity  is  governed 
by  pre-existing  lines  of  intracrustal  weakness  (e.g.  Dawson,  1970;  Sykes,  1978;  Bailey,  1993;  White  et  al., 
1995),  and  not  simply  the  rise  of  mantle  plumes  (Fitton  &  Dunlop,  1985).  Cooper  (1990)  proposed  that 
the  occurrence  of  mantle  plumes  and  continental  hot  spots  seem  to  be  a  consequence  (Hamilton,  1988) 
rather  than  the  cause  of  lithospheric  extension  (Burke  &  Dewey,  1973).  Support  for  this  interpretation  is 
provided  by  the  lower-order  periodicity  of  volcanism  in  continental  rifts  (Baker  et  al..  1972)  because 
constraints  imposed  by  heat  conduction  make  episodic  behaviour  in  mantle  diapirs  unlikely  (Gass,  1975). 
Accepting  tectonic  activity  within  the  lithosphere  to  be  the  controlling  factor  for  these  mantle  processes, 
Bailey  (1993)  questioned,  that  either  melts  are  omnipresent  near  the  oase  of  the  lithosphere  and  simply 
await  for  channel  openings  to  appear,  or  that  melt  generation  is  triggered  by  stress  release  in  the  overlying 
lithosphere.  Since  melt  generation  cannot  be  initiated  by  local  heating,  and  the  fact,  that  episodic 
magmatism  along  pre-existing  zones  of  crustal  weakness  is  widely  scatteredacross  the  African  plate  during 
the  same  time  interval,  led  Bailey  (1993)  to  the  conclusion,  that  the  crucial  factor  in  magma  genesis  is  the 
focussing  of  fluid  release  from  the  deep  mantle,  whenever  old  lesions  are  re-opened  through  the  lithosphere 
(decompressional  melting).  This  indicates  minimal  inertia  in  the  magma  generating  systems  which  is 
revealed  in  the  ready  response  to  plate- wide  triggering  (and  shut-down)  mechanisms.  In  summary, 
magmatology,  the  lithospheric  regime,  episodicity  ancf  repetition  of  magmatic  activity,  thus  form  a 
coherent  pattern  consistent  with  periodic  reactivation  of  the  plate  by  external  forces  (Bailey,  1993). 
Regarding  Cretaceous  alkaline  magmatic  activity  in  South  Africa,  it  can  be  concluded  on  the  basis  of  the 
above  spatial,  temporal  and  petrogenetic  considerations,  that  magmatism  during  this  period  was  not 
controlled  by  deep  mantle  plumes  impinging  on  the  base  of  the  lithosphere  but  rather  by  craton-wide 
operating  lithospheric  processes,  triggered  by  Gondwana  fragmentation.  Although  the  existence  of  deeply 
penetrating  faults  within  the  continental  lithosphere  was  largely  doubted  in  the  past,  deep  crustal  seismic 
studies  have  now  documented  the  presence  of  trans-lithospheric  faults.  As  such,  the  main  regional  controls 
over  the  genesis  and  the  emplacement  of  alkaline  and  kimberlitic  magmatism  involve  deep  fractures,  faults 
or  shear  zones  in  the  continental  crust  that  transverse  deep  into  the  lithosphere  and  either  form  or 
experience  reactivation  in  an  extensional  setting,  hence  causing  decompressional  melting  in  the  upper 
mantle  and  allowing  the  magmatism  to  penetrate  to  surface  through  the  crust.  Such  deep-seated  structures 
within  the  continental  lithosphere  of  South  Africa  are  represented  by  Archaean  suture  zones  identified 
witbin  the  Kaapvaal  Craton,  as  well  as  by  the  post-Karoo-recent  fracture  system,  that  formed  in  response 
to  Gondwana  fragmentation.  A  similar  association  between  alkaline  magmatism  and  the  extensional 
reactivation  of  deep-seated,  old  continental  structures  and/or  on-land  extensions  of  oceanic  transform 
fracture  zones,  has  been  reported  worldwide  (e.g.  Marsh,  1973;  Williams  &  Williams,  1977;  Sykes,  1978; 
Stracke  et  al.,  1978;  Haggerty,  1992). 
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Tectonic  evolution  and  intra-cratonic  alkaline  magmatism  within  the  central 
Kaapvaal  Craton  during  the  Mesoproterozoic 


Friese,  A.E.W. 

Geophysical  Services  Department,  Anglo  American  Corporation,  PO  Box  61587,  Marshalltown  2107,  Johannesburg,  RSA 

Introduction 

After  the  emplacement  of  the  Bushveld  Complex  between  2.061-2.054  Ga,  crustal  growth  during  the 
successive  Ubendian  orogeny  (~2.0-l.75  Ga)  and  the  deposition  of  the  Soutpansberg  and  Waterberg 
formations  at  -1.75-1.7  Ga,  a  remarkable  hiatus  in  sedimentation  on  the  Kaapvaal  Craton  of 
approximately  1.7  Ga  followed,  until  the  deposition  of  the  Karoo  sediments  between  280  and  190  Ma. 
During  this  period,  the  only  geological  activity  so  far  recorded  within  the  Kaapvaal  Craton  occurred  in 
the  interval  -1.45-1.0  Ga,  represented  by  the  intrusion  of  a  number  of  small  carbonatite  and  alkaline 
complexes,  the  Premier-National  group  of  kimberlites  and  the  tholeiitic  Timbavati  and  Trompsburg 
intrusions.  While  the  craton  interior  appears  to  have  experienced  a  relatively  inactive  period,  substantial 
tectono-magmatic  and  sedimentary  processes  occurred  around  its  margins  during  the  Kibaran 
(Grenville)  cycle  between  1 .6  and  1 .0  Ga. 

Based  on  newly  obtained  and  reintegrated  published  structural,  geophysical  and  isotopic  data  from  the 
core  of  the  Kaapvaal  Craton,  especially  the  Witwatersrand  Basin,  where  an  abundance  of  geological 
data  exists,  it  will  be  demonstrated,  that  the  temporal  association  between  the  Mesoproterozoic  alkaline 
and  kimberlitic  magmatism  on  the  Kaapvaal  Craton  and  the  Kibaran  (Namaqualand-Natal)  orogeny  are 
not  coincidental,  and  that  the  magmatism  has  been  triggered  by  the  orogenic  activity  along  the  craton 
margins.  Furthermore  it  will  be  shown,  that  the  spatial  distribution  of  the  alkaline  and  kimberlitic 
magmatism  is  structurally  controlled  and  that  the  deformational  effects  of  the  Kibaran  orogeny  within 
the  interior  of  the  Kaapvaal  Craton  are  more  dramatic  and  wider  distributed  than  previously  recognised. 

Proposed  geodynamic  model 

With  regard  to  alkaline/kimberlitic  magmatism  within  the  Kaapvaal  Craton  during  the  Mesoproterozoic, 
Friese  et  al.  (1995)  and  Friese  (in  prep.)  proposed  a  geodynamic  model  for  the  tectono-magmatic 
evolution  of  the  central  Kaapvaal  Craton  (Fig.  1).  This  model  envisages  initial  north/south-  and 
subsequent  northwest/southeast-directed  plate  convergence  to  have  introduced  two  main  tectono- 
magmatic  cycles  within  the  interior  of  the  Kaapvaal  Craton,  which  were  triggered  by  the  Kibaran 
(Grenville)-age  orogenic  processes  along  its  southern  margin. 

During  the  approximate  time  interval  1.45-1.35  Ga,  rifting  along  the  southern  margin  of  the  craton 
resulted  in  the  formation  of  a  juvenile  oceanic  basin  (=  Tugela  Terrane).  Contemporaneous  extensional 
reactivation  of  Archaean  terrane  boundaries  (suture  zones)  within  the  craton  resulted  in  the 
emplacement  of  alkaline  complexes  (e.g.  Trompsburg,  Brandfort,  Pienaars  River,  Spitskop  complexes) 
predominantly  along  these  major  structural  discontinuities  (Fig.  1).  Initiation  of  a  southerly  directed 
subduction  zone  and  associated  initial  orogenic  activity  along  the  southern  craton  margin  during  the 
approximate  time  interval  1.35-1.25  Ga,  led  to  the  partial  subduction,  deformation  and  high-grade 
metamorphism  (D,+D2,  M,;  Johnston  et  al.,  1997)  of  the  Tugela  Terrane.  The  temporally  weakly 
constrained  pre-Ntingwe  (D4)  deformation  of  the  Pongola  Supergroup  along  the  southern  margin  of  the 
Kaapvaal  Craton  (Matthews,  1 990),  is  interpreted  to  represent  this  initial  phase  of  the  Kibaran  orogenic 
cycle.  North/south-oriented  far  field  stresses  induced  contemporaneously  into  the  lithosphere  of  the 
Kaapvaal  Craton,  caused  the  development  of  north/south-trending  extensional  fracture  zones  and 
associated  alkaline  magmatism  (e.g.  Venterspost-Gemspost-Bank-Oberholzer  dyke  swarm,  Stukpan 
complex)  along  these  fracture  zones  (Fig.  1).  Following  a  period  of  about  50  Ma  of  relative  magmatic 
quiescence  within  the  craton,  which  appears  to  coincide  with  magmatism  and  sedimentation  in  an 
oceanic  magmatic-arc  and  back-arc  basin  setting  (=  formation  of  Mzumbe  and  Margate  terranes)  along 
the  southern  margin  of  the  craton  respectively,  the  main  Kibaran  orogenic  phase  within  the  Namaqua- 
Natal  mobile  belt  (-1.2- 1.0  Ga)  resulted  in  the  northward  accretion  and  deformation  (Dj+D^  Thomas 
et  al.,  1994)  of  the  Mzumbe  and  Margate  terranes,  as  well  as  in  the  deformation,  retrograde 
metamorphism  (D3+D4,  M2;  Johnston  et  al.,  1997)  and  obduction  of  the  Tugela  Terrane  onto  the 
southern  craton  margin.  This  main  orogenic  event  introduced  intense  northwest-directed,  thick-skinned 
thrust  tectonics  to  the  core  of  the  Kaapvaal  Craton,  the  dextral-transtensional  reactivation  of  the  late- 
Archaean  Pongola  Rift  with  the  formation  of  the  "Pilanesberg  Graben  System"  in  the  foreland  of  the 
northwesterly  verging  Kibaran  fold  and  thrust  belt,  as  well  as  the  initiation  of  a  second  phase  of  alkaline 
magmatic  activity,  closely  associated  with  and  confined  to  the  “Pilanesberg  Graben  System”  (Fig.  1). 
Besides  numerous  Mesoproterozoic  (-1.25-1.0  Ga)  carbonatitic-syenitic  complexes  and  dykes  (e.g. 
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Pilanesberg,  Goudini,  Tweerivier  complexes,  Pilanesberg-East  Rand  dyke  system)  and  a  few,  so  far 
undated  kimberlite  pipe  occurrences  confined  to  the  “Pilanesberg  Graben  System”  (here  occurring  either 
aligned  along  the  NW/SE-striking  graben  faults,  or  at  the  intersection  of  the  earlier  (~  1.35-1.25  Ga) 
developed  N/S-striking  extensional  fracture  zones  with  the  Pilanesberg  graben  faults),  a  close  spatial, 
temporal  and  structural  control  of  kimberlites  can  also  be  clearly  demonstrated  over  the  occurrence  of 
the  Mesoproterozoic  (~1.2  Ga)  Premier-National  Kimberlite  Province  near  Pretoria,  which  developed 
during  the  second  tectono-magmatic  cycle,  at  or  nearby  the  intersection  of  faults  of  the  “Pilanesberg 
Graben  System”  with  N/S-strilang  extensional  fracture  zones,  as  well  as  major,  deep-seated  Archaean 
lineaments  (suture  zones),  such  as  the  Kwaggasrant  and  Swavelpoort  Lineaments  (Fig.  1). 

Conclusions 

Based  on  the  above  spatial  and  temporal  considerations  it  can  be  concluded,  that  Mesoproterozoic 
magmatism  within  the  Kaapvaal  Craton  was  not  controlled  by  deep  astenospheric  plumes  impinging 
on  the  base  of  the  lithosphere,  but  rather  by  craton-wide  operating  lithospheric  processes,  which  in  turn 
were  triggered  by  the  Kibaran  (Grenville)-age  orogenic  activity  along  the  southern  craton  margin. 
The  sites  of  alkaline  magmatism  was  governed  by  pre-existing  and  newly  formed  lines  of  intra-cratonic 
weakness,  such  as  Archaean  suture  zones,  the  NW-trending  -2.97  Ga  old  Pongola  rift;  system,  as  well 
as  Mesoproterozoic  (-1.35-1.25  Ga)  N/S-striking  extensional  fracture  zones.  As  such  it  is  proposed, 
that  some  of  these  fault  and  fracture  zones  are  deep-seated,  possibly  translithospheric  structural 
discontinuities  (see  also  Friese,  this  volume),  which  experienced  extensional  reactivation  when  far  field 
stresses  were  induced  into  the  cratonic  lithosphere  by  the  Kibaran-age  orogenic  processes,  hence 
causing  stress  release  and  decompressional  melting  in  the  upper  mantle  and  allowing  the  magmatism 
to  penetrate  to  surface  through  the  continental  crust.  The  proposed  geodynamic  model  for  the  tectono- 
magmatic  evolution  of  the  central  Kaapvaal  Craton  during  the  Mesoproterozoic  provides  important 
economical  implications,  e.g.  with  regard  to  the  erosion  and  preservation  of  the  auriferous 
Witwatersrand  and  Pongola  Supergroups,  as  well  as  to  the  identification  of  areas  with  a  higher 
incidence  of  the  economically  important  alkaline  magmatism  beneath  Phanerozoic  cover  within  the 
interior  of  the  Kaapvaal  Craton. 

References 

Friese,  A.E.W.;  Charlesworth,  E.G.  &  McCarthy,  T.S.,  1995.  Tectonic  processes  within  the 
Kaapvaal  Craton  during  the  Kibaran  (Grenville)  Orogeny:  Structural,  geophysical  and  isotopic 
constraints  from  the  Witwatersrand  Basin  and  environs.  Inform.  Circ.  Econ.  Geol.  Res.,  Univ. 
Witwatersrand,  292,  67  pp. 

Friese,  A.E.W.  (in  prep.).  The  tectono-sedimentary  evolution  of  the  southern  Free  State  Goldfield 
within  the  Witwatersrand  Basin,  with  implications  for  the  development  of  the  Kaapvaal  Craton,  South 
Africa.  Ph.D.  dissertation  (unpubl.),  Univ.  Witwatersrand,  Johannesburg,  South  Africa. 

Friese,  A.E.W.  (this  volume).  Structural  control  on  kimberlite  genesis  and  crustal  emplacement 
within  South  Africa  and  the  Kaapvaal  Craton  during  the  Cretaceous.  Ext.  Abstr.,  Intern.  Kimberlite 
Conference’98,  Cape  Town,  South  Africa. 

Johnston,  S.T.;  McCourt,  S  &  Mitchell,  A.A.,  1997.  The  Tugela  terrane:  Recent  insights.  Ext.  Abstr., 
TDOGS  Conference,  Univ.  Witwatersrand,  Johannesburg,  South  Africa. 

Matthews,  P.E.,  1990.  A  plate  tectonic  model  for  the  late  Archaean  Pongola  Supergroup  in 

southeastern  Africa.  In:  Sychanthavong,  S.P.H.,  (ed.),  324  pp,  Oxford  Publ.,  New  Dehli,  41-73. 
Thomas,  R.J.;  Cornell,  D.H.;  Moore,  J.M.  &  Jacobs,  J.,  1994.  Crustal  evolution  of  the  Namaqua- 
Natal  Metamorphic  Province,  southern  Africa.  S.  Afr.  J.  Geol.  97/1,  8-14. 


228 


229 


Petrochemistry  of  upper  mantle  eclogites  from  the  Grizzly,  Leslie,  Pigeon  and 
Sable  kimberlites  in  the  Slave  Province,  Canada 


Fung,  A.T. 

C.F.  Mineral  Research  Limited,  1677  Powick  Road,  Kelowna,  British  Columbia,  Canada  V1X  4L1 

Xenoliths  entrained  in  kimberlites  provide  important  information  on  the  chemistry  and  evolution  of 
the  upper  mantle.  Eclogite  xenoliths  are  of  particular  interest  because  of  a  ‘multiplicity  of  origins’ 
(Snyder  et  al.,  1997  and  references  therein)  and  their  association  with  diamonds.  Petrography  and 
mineral  compositions  were  determined  for  44  eclogites  from  the  Grizzly,  Leslie,  Pigeon  and  Sable 
kimberlites  in  the  Slave  Province,  Canada  (Figure  1).  The  objectives  of  this  study  are  to 
characterize  the  chemical  diversity  among  the  xenoliths  and  constrain  their  equilibration  conditions 
in  the  upper  mantle. 

The  eclogites  (up  to  13cm  in  size)  in  this  study  are  coarse  grained,  equigranular  and  display  garnet 
to  clinopyroxene  ratios  of  75:25  to  25:75.  Garnets  (0.5- 10mm)  are  pale  to  dark  orange, 
rounded  to  anhedral,  fractured  and  commonly  rimmed  by  kelyphites  composed  of  phlogopite  + 
amphibole  or  irresolvable  materials.  Clinopyroxenes  (3-1 1mm)  are  pale  green  to  emerald  green, 
anhedral,  interstitial  to  garnet  grains,  and  typically  altered  to  a  white,  spongy  product.  Grizzly 
sample  GE17  contains  35-40  modal%  of  clear  yellow,  subhedral,  accessory  olivines  (5mm). 
Secondary  and  metasomatic  phases  (phlogopite,  amphibole,  rutile,  ilmenite,  spinel,  pyrite, 
pyrrhotite,  calcite  and  feldspar)  constitute  less  than  10  modal%  in  the  xenoliths. 

Mineral  compositions  were  determined  by  a  CAMECA  SX-50  electron  microprobe  at  C.F.  Mineral 
Research.  Garnets  in  the  Grizzly,  Leslie  and  Sable  eclogites  exhibit  a  wide  spread  of  major  element 
compositions  (Table  1),  ranging  from  Py69Almi8Grossi3  to  Pvi8Alm63Grossi9  (Figure  2).  Except  for 
sample  PGE1,  the  Pigeon  eclogites  cluster  tightly  within  the  high-Mg,  Group  A  field  established  by 
Coleman  et  al.  (1965).  Five  eclogites  (GE1,  LE3,  LE7,  LE9  and  PGE1)  contain  garnets  that  are 
surrounded  by  distinctly  pyropic  rims.  The  rims  display  substantial  micron-scale  zoning  (Figure  3) 
and  are  enriched  in  MgO  by  more  than  5-10  wt%.  Corresponding  clinopyroxenes  in  the  eclogite 
suite  show  a  narrow  Mg-Fe-Ca  array  (average  Wo48En43Fs9)  but  differ  strongly  in  the  jadeite  and 
diopside  components  (Jd2Di98  to  Jd44Di56;  Figure  4)  The  fine  grained,  spongy  pyroxenes  observed 
in  some  xenoliths  are  more  diopsidic  than  unaltered  counterparts  and  possibly  resulted  from 
metasomatism  (Snyder  et  al.,  1997)  or  partial  melting  (Haggerty  et  al.,  1994). 

Apatite,  garnet,  rutile  and  ilmenite  lamellae  (<200pm)  have  been  recognized  within  primary 
minerals.  In  some  cases,  oriented  apatite  +  rutile  or  rutile  +  ilmenite  coexist  in  the  same  host  grain 
Fluor-apatite  crystals  (55.5  wt%  CaO,  42.9  wt%  P2O5)  in  garnet  and  pyroxene  have  been  confirmed 
in  four  eclogites  (GE1,  GE2,  LE2  and  LE4).  Previous  studies  have  suggested  the  coupled 
substitution  of  P  for  (Na  +  Ti)  in  mantle  garnets  (e.g.,  Bishop  et  al.,  1978)  and  interpreted  apatites 
as  exsolution  products,  rather  than  accidental  inclusions  (Haggerty  et  al.,  1994).  Garnet  exsolved 
from  clinopyroxene  in  Grizzly  eclogite  GE6  resembles  primary  garnet  in  terms  of  mineral 
compositions  (average  Py33Alm42Gross25). 

Accessory  olivines  in  sample  GE17  are  fosteritic  (F069.7)  with  an  average  NiO  content  of  0.36  wt% 
Secondary  phlogopites  account  for  5-7  modal%  in  some  xenoliths  and  contain  0  97-4.00  wt%  Ti02 
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Rutile,  the  most  common  oxide  in  these  eclogites,  has  up  to  1.63  wt%  Nb205.  Interstitial  rutile  and 
ilmenite  (1.07-8.67  wt%  MgO)  exhibit  similar  chemistry  to  those  occurring  as  lamellae. 


The  distribution  coefficient  KD  values  of  Fe-Mg  in  coexisting  garnet  and  clinopyroxene  range  from 
2.73  to  7.52.  At  an  assumed  pressure  of  45kb,  equilibration  temperatures  of  the  eclogites  were 
calculated  using  the  Ellis  and  Green  (1979)  geothermometer.  Projecting  the  temperatures  onto  a 
typical  cratonic  geotherm  (40mW/m2)  yields  P-T  conditions  of  725-1438°C  at  25-85kb.  On 
average.  Sable  eclogites  show  the  highest  P-T,  followed  by  Pigeon,  Grizzly  and  Leslie  eclogites 
The  broad  range  in  equilibration  P-T  implies  that  eclogites  in  this  study  may  have  originated  in 
different  regions  in  the  upper  mantle.  Of  the  ten  xenoliths  which  fall  within  the  diamond  stability 
field  (Kennedy  and  Kennedy,  1976),  two  Sable  eclogites,  SE4  and  SE8,  display  unusually  high  P-T 
of  1269°C  at  66kb  and  1438°C  at  85kb  respectively.  Based  on  equilibration  conditions,  eclogites 
are  likely  an  important  contributor  to  the  diamond  populations  in  the  Sable  kimberlite.  This  is 
consistent  with  diamond  inclusion  data  (I.  Chinn,  pers.  comm.,  1998)  and  the  presence  of  Group  I 
(McCandless  and  Gurney,  1989)  eclogitic  garnets  in  representative  heavy  mineral  concentrates  from 
the  Sable  kimberlite  (J.  Carlson,  pers.  comm.,  1998). 
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Table  1.  Representative  garnet  compositions  of  the  Slave  Province  eclogites 


Grizzly  garnets  Leslie  garnets 


GE1 

GE2 

GE3 

GE4 

GE5 

GE6 

GE7 

GE8 

GE10 

GE1 1 

GE12 

GE13 

GE15 

GE16 

GE17 

LEI 

LE2 

LE3 

Si02 

39.48 

37.63 

40.46 

40.30 

40.06 

39.34 

41.35 

40.22 

41.70 

41.35 

41.45 

41.91 

37.38 

38.41 

40.31 

40.72 

38.24 

38.60 

Ti02 

0.18 

0.07 

0.16 

0.18 

0.21 

0.13 

0.39 

0.20 

0.16 

0.31 

0.36 

0.27 

0.07 

0.07 

0.19 

0.05 

0.11 

0.31 

AI203 

22.71 

21.31 

23.01 

22.69 

22.36 

22.30 

22.32 

22.72 

23.53 

23.22 

22.71 

23.22 

21.30 

21.89 

23.19 

20.80 

21.68 

22.28 

Cr203 

0.05 

0.03 

0.10 

0.06 

0.09 

0.04 

1.47 

0.34 

0.58 

0.33 

0.75 

1.09 

0.02 

0.06 

0.12 

3.00 

0.09 

0.06 

FeO 

17.83 

28.25 

15.89 

15.56 

15.10 

19.61 

9.51 

13.96 

9.21 

10.93 

10.74 

8.09 

28.54 

26.13 

15.97 

11.56 

26.32 

20.47 

MnO 

0.39 

1.01 

0.41 

0.37 

0.38 

0.45 

0.57 

0.34 

0.37 

0  37 

0.37 

0.46 

1.02 

0.76 

0.37 

0.61 

0.63 

0  46 

CaO 

5.76 

6.80 

5.32 

8.29 

8.34 

9.07 

5.81 

9.18 

4.90 

4.75 

4.12 

4.25 

6.82 

6.69 

4.38 

5.66 

6.34 

11.08 

MgO 

13.12 

4.86 

14.35 

12.92 

12.68 

8.72 

18.25 

12.92 

19.38 

18.90 

19.32 

21.05 

4.60 

6.09 

15.48 

17.31 

6.93 

6.81 

NiO 

0.03 

0.03 

0.04 

0.00 

0.02 

0.01 

0.03 

0.00 

0.03 

0.07 

0  04 

0.00 

0.06 

0.01 

0.04 

0.00 

0  00 

0.01 

Na20 

0.05 

0.02 

0.05 

0.06 

0.03 

0.04 

0.05 

0.07 

0.03 

0.06 

0  06 

0.06 

0.01 

0.01 

0.03 

0.02 

0.01 

0.10 

P205 

0.06 

0.02 

0.03 

0.04 

0.05 

0.04 

0.02 

0.04 

0.05 

0.04 

0.02 

0.01 

0.02 

0.03 

0.01 

0.01 

0.07 

0.08 

total 

99.66 

100.03 

99.82 

100.47 

99.32 

99.75 

99.77 

99.99 

99.94 

100.33 

99.94 

100.41 

99.84 

100.15 

100.09 

99.74 

100.42 

100.26 

(cont.) 

(cont.  Table  1) 
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Leslie  garnets 

Pigeon 

Sable  garnets 

LE4 

LE6 

LE7 

LE8 

LE9 

LE1 1 

garnets 

PGE1 

PGE2 

PGE3 

PGE5 

SE1 

SE2 

SE3 

SE4 

SE5 

SE6 

SE7 

SE9 

Si02 

38.05 

40.29 

38.85 

40.17 

39.69 

40.57 

40.15 

40.87 

40.71 

41.10 

42.01 

38.88 

41.21 

40.44 

40.60 

40.79 

40.86 

39.59 

Ti02 

0.04 

0.09 

0.44 

0.25 

0.25 

0.10 

0.14 

0.22 

0.22 

0.20 

0.35 

0.13 

0.08 

0.36 

0.14 

0.25 

0.34 

0.06 

AI203 

21.67 

20.11 

21.96 

22.66 

23.00 

23.24 

23.07 

23.36 

23.22 

23.42 

23.31 

22.27 

23.75 

22.99 

23.31 

22  69 

23.25 

22.62 

Cr203 

0.13 

3.41 

0.03 

0.79 

0.08 

0.05 

0.03 

0.25 

0.22 

0.29 

0.08 

0.03 

0.05 

0.15 

0.22 

0.26 

0.16 

0.03 

FeO 

25.07 

13.69 

19.94 

16.93 

16.02 

11.84 

14.15 

13.25 

13.25 

13.02 

8.30 

18.98 

12.90 

9.33 

9.74 

13.49 

9.65 

19.55 

MnO 

0.89 

0.66 

0.42 

0.39 

0.31 

0.36 

0.30 

0.28 

0.24 

0.33 

0.34 

0.31 

0.19 

0.18 

0.24 

0.29 

0.17 

0.42 

CaO 

7.16 

6.00 

9.44 

4.11 

8.60 

10.52 

10.50 

5.16 

4.60 

4.34 

5.78 

12.47 

6.38 

14.15 

10.72 

5.15 

12.22 

6.58 

MgO 

6.83 

15.52 

8.43 

14.90 

11.67 

13.10 

11.41 

16.51 

16.61 

16.98 

19.47 

6.69 

15.48 

11.88 

14.02 

16.47 

13.16 

11.07 

NiO 

0.04 

0.01 

0.01 

0.04 

0.00 

0.01 

0.01 

0.01 

0.01 

0.00 

0.02 

0.04 

0.02 

0.00 

0.03 

0.01 

0.05 

0.00 

Na20 

0.01 

0.00 

0.12 

0.07 

0.08 

0.02 

0.06 

0.05 

0.05 

0.06 

0.03 

0.06 

0.03 

0.09 

0.07 

0.05 

0.08 

0.01 

P205 

0.04 

0.00 

0.06 

0.00 

0.02 

0.03 

0.01 

0.02 

0.03 

0.01 

0.02 

0.01 

0.01 

0.03 

0.05 

0.02 

0.02 

0.03 

total 

99.93 

99.78 

99.70 

100.31 

99.72 

99.84 

99.83 

99.98 

99.16 

99.75 

99.71 

99.87 

100.10 

99.60 

99.14 

99.47 

99.96 

99.96 

Ca 


Mg  Fe 


Fig.  1.  Kimberlites  in  the  study.  Location  of  the 
Pigeon  kimberlite  is  confidential. 


Fig.  2.  Ternary  diagram  showing  compositions  of 
eclogitic  garnets. 


Fig.  3.  Magnesium  variations  in  a  zoned  garnet  in 
Grizzly  eclogite  GE1  (secondary  electron  image). 


Na+Al(vl)+Cr 


Ca  Mg+Fe+Mn 


Fig.  4.  Ternary  diagram  showing  compositions  of 
eclogitic  clinopyroxenes. 
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Diamonds  of  Arkhangelsk  kimberlite  province  (review) 

Garanin,  V.K. , Kudriavtseva,  G.P. ,  and  Possukhova,  T.V. 

Geological  Faculty,  Moscow  State  University,  Vorobiovy  Gory,  119899,  Moscow,  Russia 

Arkhangelsk  kimberlite  province  (AKP)  is  the  largest  diamondiferous  province  in  Europe.  It  was 
discovered  in  the  end  of  70  th.  Nowdays  there  are  enormous  data  on  geology,  petrology  and 
mineralogy  of  diamond,  its  minerals-satellites  and  kimberlite  rocks  for  kimberlite  pipes  of  this 
region.  All  these  data  are  shown  on  specific  (typomorphic)  features  of  diamonds  from  rocks  of  this 
important  kimberlite  province  of  the  world. 

Morphology 

The  main  specific  (typomorphic)  feature  of  diamonds  of  Arkhangelsk  province  is  a  predominant 
distribution  of  round  rombododecahedra  (about  60-80%)  among  diamonds  in  kimberlite  pipes  of 
the  Lomonosov  deposit  (Zolotitskoye  field).  The  following  on  distribution  are  rounded 
tetrahexahedra  (5-20%).  Quantity  of  octahedral  crystals  is  sharply  increased  (up  to  80%)  only  in  a 
small-sized  classes  (-1  +0.5  mm).  It  is  established  that  the  diamonds  in  each  pipe  of  deposit  are 
characterized  by  individual  morphological  features.  For  example,  the  quantity  of  rounded  diamonds 
varies  from  pipe  to  pipe  (from  45%  in  the  Lomonosov  pipe  up  to  71%  in  the  Pomorskaya  and  the 
Karpinskaya- 1  pipes).  Characteristic  feature  of  diamonds  from  this  deposit  is  presence  of  curve 
surfaces  with  corrosion  sculptures  and  channels.  At  transition  from  large  classes  to  the  small-sized 
ones  the  content  of  the  safe  stones  sharply  reduces  (almost  in  a  half).  The  contents  of  diamonds  with 
corrosion  sculptures  and  channels  for  the  Lomonosov  deposit  as  a  whole  makes  up  about  40 
weight  %.  Among  octahedral  crystals  more  than  half  have  isometric  forms  with  a  high  degree  of 
safety,  and  among  dodecahedron  crystals  less  than  20%  have  isometric  forms,  and  other  diamonds 
bear  traces  of  plastic  deformation.  There  are  sharp  distinctions  in  process  of  crystallization  of  these 
two  main  groups  of  crystals.  Thus  the  crystallization  of  octahedral  crystals  occured  in  more  stable 
conditions.  Dodecahedral  crystals  were  subjected  to  oxidizing  solution.  At  transition  from 
diamondiferous  Zolotitskoye  field  to  low-diamond-bearing  Verkhotinskoye  one  and  further  to  non¬ 
diamond-bearing  Kepinskoye  and  Soinskoye  fields  the  diamond  potential  sharply  decreased  with 
presence  in  the  pipes  the  fragments  of  heavy  frosted  polycrystalline  aggregates  of  small-sized 
diamonds  with  an  intensively  dissolved  surface  down  to  formation  on  the  deep  horizons  of  some 
pipes  the  skeletal  boxed  crystals  (Garanin  et  al.,  1991;  Makhin,  1991;  Zakharchenko,  1994). 

Internal  structure 

Most  of  diamond  crystals  have  nucleas  (core)  of  earlier  diamond.  Growth  of  crystals  took  a  place  on 
unstabil  conditions.  Most  of  crystals  have  zoning,  zoning-sectorial  and  fibrous  structures  or  their 
combinations.  Such  structure  are  indicated  on  diamond  crystallization  in  enviroment  with  various 
phisical-chemical  conditions,  with  interupts  of  crystallization  process,  with  periods  of  solution, 
mechanical  crushing  etc.  (Garanin  et  al.,  1997). 

Physical  properties 

One  group  of  kimberlite  pipes  from  the  M.L.  Lomonosov  deposit  (Zolotitskoye  field:  Pomorskaya, 
Karpinskaya- 1,  Karpinskaya-2  and  Arkhangelskaya  pipes)  has  a  high  content  of  diamonds  with 
yellowish-green  tones  of  photoluminescence  (PL).  Another  group  has  diamonds  with  prevalence  of 
crystals  with  blue  PL  (Lomonosovskaya,  Pionerskaya  pipes).  Shares  of  diamonds  without  PL  and 
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crystals  with  violet  PL  increase  with  decreasing  of  diamond  size  (Makhin,  1991; 
Zakharchenko,  1994).  Most  of  crystals  have  a  weak  cathodoluminescence  (CL).  All  crystals, 
studied  by  CL-method,  have  a  zoning  structure.  Usually  nucleus  has  yellow  CL-color,  and 
diamond-host  with  deformated  structure  has  blue  color  (Garanin  et  al.,  1997).  Nitrogen  contents  in 
A-form  vary  on  wide  range:  (0  -  88)  x  1019  cm'3.  There  are  large  differences  on  distribution  of  A- 
form  nitrogen  between  large  and  small  diamond  crystals.  The  crystals  with  small  sizes  (less  0.5 
mm)  have  low  nitrogen  concentrations  usually.  Most  of  studied  diamonds  are  shown  on  tendence  of 
decreasing  of  nitrogen  concentration  from  core  to  peripheric  part  of  crystals.  It  is  a  important  fact 
that  nitrogen  concentration  are  relatively  onstant  inside  cores  and  peripheries  of  crystals.  A  definite 
group  of  crystals  has  a  sharp  differences  of  A-form  nitrogen  concentration  on  the  nucleous  (16-19) 
x  1019  cm'3  and  the  peripheric  parts  (6-10)  x  1019cm'3.  The  N3  band  system  at  415  nm  is  discovered 
for  cores  of  crystals  only,  and  it  is  not  present  on  peripheric  parts.  In  such  cases  B-defects  are 
present  on  cores  of  diamonds  only  and  are  shown  on  high  roasting  temperatures 
of  these  nucleus  which  are  responsible  for  aggregations  A-defects  and  formation  of  B-defects.  So 
discrete  conditions  of  diamond  mantle  crystallization  are  established  (Garanin  et  al.,  1997). 

Gas  inclusions 

Low  volatile  concentrations  are  typical  for  diamonds  from  the  AKP.  Composition  of  gases  is 
simple.  Inclusions  are  mixture  of  CH4,  H  and  CO  with  prevalence  of  nitrogen  and  water.  These  facts 
are  indicators  on  diamond  cristallization  at  conditions  of  high  oxidation  potential  (Makhin,  1991). 

Isotopic  composition  of  carbon 

Determination  of  carbon  isotopes  was  done  for  small  collection  of  diamonds.  There  is  large  range  of 
carbon:  from  -  2.9  up  -  22.2  °/00  513C.  From  all  studied  crystals  approximately  10  %  belong  to 
isotopic  light  diamonds  with  variations  of  513C  from  -10  up -22.2  °/00.  All  data  were  determinated 
as  integral  characteristics  for  whole  crystals.  It  future,  it  is  necessary  to  investigate  nucleus  and 
peripheric  parts  of  crystals  separately  (Zakharchenko,  1994). 

Mineral  inclusions 

Crystals  with  heavy  isotopic  composition  (  -  2  -s-  -7  °/00  513C)  contain  mineral  inclusions  of 
ultrabasic  paragenesis,  and  light  isotopic  ones  have  inclusions  of  eclogitic  paragenesis.  Chemical 
compositions  of  inclusions  indicate  on  presence  of  different  diamond-bearing  associations  in  the 
AKP.  The  high-chromium  spinels  and  high-magnesian  low-aluminious  orthopyroxenes  from 
diamondiferous  harzburgites,  midium-ferrous  olivines  with  higher  Ni  and  Cr  contents  from 
diamondiferous  lherzolites,  high-magnesian  chromediopsides  with  anomal  higher  Na-concentrations 
from  diamondiferous  lherzolites,  high-chromium  (knorringite)  pyropes  from  diamodiferous  dunites 
and  harzburgites,  low-calcium  low-  and  medium-chromium  pyropes  from  diamond-bearing 
equigranular  lherzolites,  pyrope-almandines  from  ilmenite-rutile  diamondiferous  magnesian-ferrous 
eclogites,  also  from  disthene  and  corundum  ones,  and  omphacite  and  coesite  from  aluminious 
diamondiferous  eclogites  were  established  (Sobolev  et  al.,  1997)  It  is  important  fact  that  sulfides, 
wustite  and  native  iron  are  not  discovered  as  inclusions  in  diamonds  from  the  AKP.  It  shows  on 
the  absence  of  mixing  of  upper  and  lower  mantle  flows.  So  microcrystals  of  diamonds  with  native 
iron-wustite-troilite  paragenesis  could  not  be  nucleus  for  later  crystallization  of  diamond  of 
ultrabasic  and  eclogitic.  It  is  a  important  difference  diamonds  from  AKP  compare  with  crystals 
from  Yakutian  province  and  other  kimberlite  province  of  the  world.  Also  picroilmenite  inclusions 
are  apsent  in  diamonds  of  the  AKP.  It  shows  on  magnesian  character  of  primary  mantle  melt  from 
which  diamond  paragenesis  of  minerals  started  to  crystallize. 
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Genesis 

There  are  several  diamond  generations  in  the  AKP.  Mantle  flows  of  lower  parts  of  mantle  had  not 
remarkable  influence  for  diamond  formation.  Initial  stage  of  diamond  crystallization  started  in  the 
enviroment  enriched  by  H2  O  and  C02 .  Oxidizing  solution  is  a  main  reason  for  wide  distribution  of 
rounded  diamonds  in  the  kimberlites  of  the  AKP.  Presence  of  several  diamond  generations  is 
outlined  by  wide  range  of  nitrogen  contents,  and  presence  of  inverse  zoning  is  outlined  by  sharper 
changes  of  A-defects  at  transition  from  central  parts  to  peripherical  zones  of  crystals.  The  absence 
of  picroilmenite  inclusions  in  diamonds  is  an  indicatorof  higher  magnesian  and  higher  chromian 
composition  of  the  mantle  melt  from  which  generations  of  ultramafic  diamond  paragenesis  were 
crystallized. 
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The  fundamental  study  of  garnets:  application  for  prospecting  and  economical 
estimation  of  diamond  bearing  kimberlites 

Garanin,  V.K.,  Kudriavtseva,  G.P  ,  Vasilyeva,  E  R. 

Department  of  Geology.  Moscow  State  University,  119899  Vorob'yovy  Hills.  Russia 

Abstract 

The  searching  of  diamond  deposits  in  the  new  kimberlite  provinces  requiests  to  develop  and  use  new 
effective  and  ecological  methods  of  the  evaluation  of  diamond  bearing  kimberlites.  For  this  purpose 
the  complex  methodology  of  the  diamond  bearing  evaluation  was  created  at  Moscow  University 
Diamond  Deposits  Laboratory. 

Introduction 

The  one  great  discovery  made  at  the  end  of  70s  by  Russian  geologists  -  it  was  the  Lomonosov 
deposit  in  the  northern  European  part  of  Russia.  This  deposit  belongs  to  vast  diamondiferous 
province  where  further  exploration  revealed  commercial  grades  of  diamonds.  There  are  many 
specific  features  of  kimberlites  in  a  new  Arkhangelsk  province  (Verichev  et  al ,  1 991 ,  Sablukov, 
1995),  for  example,  an  almost  complete  absence  deep  xenoliths  of  ultrabasic  and  basic  rocks.  The 
minerals  which  were  formed  at  disintegration  of  these  deep  xenoliths  are  very  informative  for 
searching  of  diamond  bearing  kimberlites.  The  garnets  are  often  found  in  heavy  fraction  of 
kimberlites  and  allow  to  get  important  information  about  diamond  potential  of  kimberlites  on  the 
base  of  the  composition  and  physical  properties  of  these  minerals  features. 

Methodology  of  garnet  study 

A  comprehensive  method  of  investigations  takes  into  account  the  morphological  peculiarities, 
composition  and  properties  of  garnets  and  allows  to  apply  a  statistical  approach  for  classifying  of 
this  mineral. 

The  complex  methodology  is  realized  in  several  stages. 

At  the  first  stage,  samples  are  initially  examined  by  binocular  magnifier  for  separation  the  mineral 
grains  by  several  signs:  color,  shape,  the  surface  character  and  inner  structure.  Each  of  these  signs 
has  a  definite  genetical  meaning.  Histograms  built  on  the  morphological  peculiarities  based  on  the 
statistically  representative  material  and  allow  to  identify  the  mineral  genetic  groups  and  evaluate  their 
distribution  already  on  the  first  stage. 

At  the  second  stage,  the  application  of  optic-colorimetric  method  makes  it  possible  to  draw 
preliminary  conclusions  concerning  the  paragenesis  of  minerals  and  their  occurrence. 

At  the  final  stage  of  the  study,  the  application  of  the  electron  microprobe  method  on  the  statistically 
representable  garnet  samples  allows  to  determine  or  confirm  the  mineral  paragenesis.  The  discovered 
parageneses  are  detailed;  the  thermodynamic  conditions  of  crystallization  of  separated  parageneses 
are  defined. 

To  determine  the  deep-seated  parageneses  at  the  final  stage  is  advisable  to  apply  the  chemical- 
genetic  classification  which  has  been  designed  at  the  Diamond  Deposits  Laboratory  on  the  basis  of 
numerous  studies  of  garnet  samples  from  deep-seated  ultrabasic  and  basic  rocks  from  kimberlite 
pipes  of  world  diamond  deposits  (Garanin  et  al  ,  1991). 

In  this  classification  deep-seated  diamond  parageneses  are  highly  diamondiferous  if  their  portion  in 
the  entire  selection  is  more  than  90%  of  analyses  in  this  chemical-genetic  group,  diamondiferous  - 
90-50%  and  poor  diamondiferous  -  less  than  50%.  Non-diamondiferous  garnet  parageneses  are 
those  where  garnet  of  diamond  paragenesis  is  not  found  in  the  entire  selection. 
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Results  of  studying  garnets  from  the  three  principal  kimberlite  fields  by  comprehensive  method  are 
summaried  below. 

1.  Garnet  ofZolotitsky  field.  Object  of  study  is  garnet  from  7  pipes:  1)  Pionerskaya,  2)  Karpinsky,  3) 
Lomonosov,  4)  Pomorskaya,  5)Pervomaiskaya,  6)  Koltsovskaya,  7)  Arkhangelskaya. 

Morphology  has  been  determined  for  10000  grains  of  garnets.  There  is  a  prevalence  in  the  diatremes 
ofZolotitsky  field  of  lilac  and  red  garnets.  Garnets  are  represented  by  whole  grains  of  fragments  of 
round  and  oval  shaped  grains  with  knobby  uneven  or,  otherwise,  even,  mat  surface.  A  limited 
number  of  pink  and  orange  garnets  was  found  as  splinters  and  fragments  with  an  even  mat  surface. 
In  the  upper  horizons  of  kimberlite  pipes  whole,  round  or  oval  shaped  grains  of  pink  and  orange 
colours  occur  with  finely  corroded  even  surface.  Further  studies  of  such  samples  made  it  possible  to 
establish  their  non-kimberlitic  origin. 

400  samples  of  garnets  were  examined  at  the  second  stage  of  using  the  optic-spectroscopic  method. 
Further  electron  microprobe  examination  of  garnets  made  it  possible  to  prove  the  boundaries  of 
paragenetic  types  of  occurrence  on  the  modified  color  diagram. 

Database  of  Zolotitsky  field  garnets  includes  classification  on  this  mineral  on  the  basis  of  546 
electron-probe  analyses.  With  the  application  of  discriminant  analysis  with  variations  of  earlier 
determined  chemical  -genetic  classification,  it  became  possible  to  determine  main  chemical-genetic 
groups  of  garnets  in  Zolotitsky  field.  The  distribution  garnets  of  different  parageneses  are  on  the  Fig. 
7.5%  of  all  studied  garnets  occur  in  high  grade  diamond  bearing  rocks  and  58%  of  garnets  occur  in 
diamond  bearing  rocks  It  is  worth  mentioning  that  there  was  found  a  high  occurrence  of  garnets  of 
diamond  bearing  parageneses  from  eclogitic  rocks  (8.9%  out  of  9.1%  of  all  studied  garnets  having 
eclogitic  paragenesis). 

2.  Garnet  of  Verkhotinsky  field.  The  studied  grains  of  garnet  were  collected  from  heavy  concentrate 
out  of  4  kimberlite  pipes:  1 )  Volchia-Severnaya;  2)  Osetinskaya;  3)  Maiskaya;  4)  Verkhotina 

900  grains  of  garnets  were  studied  to  determine  their  morphology.  Most  of  the  garnets  are  pink  and 
orange.  The  feature  which  is  common  for  all  studied  samples  is  the  existence  of  multiple  primary 
cracks  in  the  mineral  and  other  grain  defects,  caused  by  hydrothermal  corrosion. 

The  database  for  garnets  from  Verkhotinsky  field  includes  the  results  of  1 10  analyses. The  results  of 
the  discriminant  analysis  are  on  the  Fig.  It  should  be  noted  that  the  content  of  garnets  from 
metamorphic  rocks  is  relatively  high  (29%)  which  is  more  than  in  the  diatremes  of  Zolotitsky  field. 
The  content  of  mantle  rocks  in  the  kimberlite  pipes  of  Verkhotinsky  field  is  more  limited  than  in 
Zolotitsky  field.  6.5%  of  all  studied  garnets  occur  in  high  grade  diamond  bearing  rocks  and  57.5% 
of  garnets  occur  in  diamond  bearing  rocks  (  51%  of  all  studied  garnets  have  ultrabasic  paragenesis 
and  6.5%  have  eclogitic  paragenesis). 

3.  Garnet  of  Kepinsky  field  Object  of  study  is  garnet  from  three  main  groups  of  kimberlitic  bodies: 
1)  Shochinsky,  2)  Kepinsky,  3)  Soyansky.  The  studies  revealed  the  morphology  of  approximately 
300  grains  from  Shochinsky  pipe,  900  grains  from  diatremes  of  Kepinsky  group  of  bodies  and  1800 
grains  from  pipes  of  Soinsky  group.  Garnets  of  round  and  oval  shapes  with  knobby  or  evenly,  mat 
surfaces  prevail  in  all  bodies.  Garnets  of  Shochinsk  field  are  pink  and  orange,  while  in  the  diatremes 
of  Kepinsky  and  Soinsky  groups  they  are  red  and  lilac.  It  should  be  noted  that  many  samples  of 
garnets  are  characterised  by  a  high  degree  of  kelyphytisation. 

Database  concerning  the  composition  of  garnets  was  formed  of  400  analyses.  All  garnets  of 
Kepinsky  field  were  divided  into  12  chemical-genetic  groups,  and  there  are  groups  of  garnets 
connected  with  ilmenite  rocks  (Fig.).  22%  of  all  studied  garnets  were  the  garnets  from  metamorphic 
rocks.  6.5%  of  all  studied  garnets  occur  in  high  grade  diamond  bearing  rocks  and  54%  of  garnets 
occur  in  diamond  bearing  rocks  (  36%  of  all  studied  garnets  have  ultrabasic  paragenesis  and  17% 
have  eclogitic  paragenesis). 
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Summary 

By  the  complex  study  of  garnets  it  was  detected  a  great  diamond  potential  of  Zolotitsky  field  pipes, 
lesser  -  for  Verkhotinsky  and  Kepinsky  fields.  It  was  established  types  of  diamondiferous 
parageneses  and  quantitative  relations  between  types  of  deep  rocks.  The  express-methology  allows 
to  study  a  statistically  representative  of  the  rocky  material  causes  the  necessity  for  the  wide 
introduction  in  the  scientific-production  organizations  The  new  methodology  makes  possible  to 
pasportize  bodies  of  kimberlites  and  lamproites,  to  localize  the  aureoles,  to  evaluate  diamond 
potential  of  newly  discovered  kimberlite  and  lamproite  bodies,  to  study  the  horizontal  and  vertical 
zonality  of  the  latter  and  so  on. 
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Fig.  H  istogram  of  distribution  chemical-genetic  groups  of  garnets  from  Zolotitsky  ( 1 ),  Verkhotinsky  (2)  and  Kepinsky  fields. 
N- number  of  studied  garnet  grains,  n- frequency  of  occurence  in  %.  1  -  highly  diamondito'ous  dunites  and  haizburgites;  2  - 
diamond  bearing  pendotite  with  high  and  meduim  chromium  garnet;  3  -  diamond  bearing  equigranular  lherzolites  with  highly 
chromium  garnet;  4  -  diamond  bearing  equigranular  lherzolites  with  medium  chromuim  garnet;  5  -  diamond  bearing 
equigranular  lherzolites  with  low  and  meduim  garnet,  6  -  diamond  bearing  wehrlite;  7  -  low  grade  diamond  bearing  lherzolites 
with  high  content  of  chromium,  titanium  and  calcium  garnet,  8  -  low  grade  diamond  bearing  equigranular  (sometimes  shared) 
ilmenite  lherzolites  with  low  chromium  titanium  garnet;  9  -  lherzolites  and  websterites  with  low  chromium  garnet;  10  - 
magnesian-iron  ilmenite  pyroxenite;  1 1  -  magnesian  alcremite;  1 2  -  ilmenite-rutile  diamondiferous  magnesium-iron  eclogite;  1 3 
-  diamondiferous  magnesium-iron  eclogite;  14  -  diamondiferous  aluminium  eclogite;  15  -  diamondiferous  magnesium 
ilmenite-rutile  eclogite;  1 6  -  eclogite-like  rock,  1 7  -  garnets  of  contraveraal  genesis;  1 8  -  garnets  from  metamorphic  rock 
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Olivine  is  a  common  mineral  in  carbonatite  complexes.  It  usually  occurs  in  dunite,  olivine 
clinopyroxenite,  lamprophyre,  carbonatite  and  phoscorite.  Few  papers  on  carbonatite  complexes 
contain  olivine  chemistry  data.  A  set  of  olivine  analysis  and/or  olivine  chemical  description  occurring 
in  these  rocks  was  found  for  the  Sokli  Massif,  Finland  (Vartiainen,  1980),  Jacupiranga  Complex, 
Brazil  (Gaspar,  1989  and  this  work)  and  Phalaborwa,  South  Africa  (Ericksson,  1989).  A  large  set 
exists  for  olivines  from  the  Catalao-I  and  -II  Carbonatite  Complexes  (Araujo  and  Gaspar,  1994; 
Araujo,  1996  and  this  work). 

The  Catalao-I  and  -II  Carbonatite  Complexes  are  located  the  Goias  State,  central  Brazil.  They 
belong  to  the  Cretaceous  Alto  Paranaiba  Magmatic  Province  which  comprises  several  alkaline  rocks 
(Bizzi,  1993;  Sgarbi  and  Valenga,  1991)  and  other  carbonatites  along  a  NW  regional  trend  (A Z 
125). The  complexes  are  intruded  in  metasedimentary  rocks  (Araxa  Group)  of  the  Neoproterozoic 
Brasilia  Fold  Belt  which  occurs  in  the  southwestern  border  of  the  Sao  Francisco  Craton.  The 
Catalao-I  and-II  intrusions  are  interpreted  as  cogenetic  bodies  comprising  an  ultramafic  phase 
represented  by  dunite  and  clinopiroxenite  and  several  carbonatitic  phases.  The  carbonatites  had 
interacted  with  the  primary  ultramafic  rocks  forming  carbonate-,  phlogopite-  and  clinopyroxene- 
bearing  rocks.  Phoscorites  also  occur  and  are  associated  to  the  carbonatite.  In  the  Catalao-I  Complex 
a  breccia  with  a  phlogopite-  and  olivine-  rich  matrix  cut  the  former  rocks  and  contains  fragments  of 
the  intrusion. 

Olivine  was  recovered  from  dunite  (Fo8i.7  to  F092.1)  and  phoscorite  (Fo84.8  to  F094)  fragments 
in  the  Catalao-I  breccia  and  from  phoscorite  (Fo78  to  Fo85.7)  and  lamprophyres  (Fo85.7  to  Fo87.6)  from 
Catalao-II.  Two  chemical  groups  could  be  distinguished  (Figure  1):  (1)  high  Ni-  and  low  Mn-  olivines 
occurring  in  the  Catalao-I  dunite  (0.12  to  0.46%  of  NiO  and  0.007  to  0.30%  of  MnO)  and  in  the 
Catalao-II  lamprophyre  (0,27  to  0,38  of  NiO  and  0.12  to  %  0.22  of  MnO)  and  (2)  low  Ni-  and  high 
Mn-  olivines  found  in  the  Catalao-I  and  -II  phoscorites  (0,0  to  0,15%  of  NiO  and  0,34  to  0,63%  of 
MnO  for  Catalao-I  and  0,0  to  0,038%  of  NiO  and  0,38  to  0,525%  of  MnO  for  Catalao-II). 

The  Jacupiranga  Complex  is  located  in  the  Sao  Paulo  state,  southeast  Brazil,  in  the  border  of 
the  Parana  Basin.  The  Complex  is  130  Ma  old  (Amaral,  1978)  and  comprises  two  main  intrusions  of 
dunite  and  magnetite  clinopyroxenite.  The  later  is  intruded  by  an  ijolite  body  and  an  elongated 
carbonatite  intrusion  where  five  carbonatite  bodies  (Ci  to  C5)  were  recognized  (Gaspar,  1989). 
Olivine  (F092.2  to  F097.7)  occurs  in  the  Ci,  C3  and  C4  carbonatites.  New  chemistry  data  of  olivine  from 
carbonatites  and  dunite  were  obtained.  Dunite  olivine  (Fo87.9  to  Fo88  8)  presents  MnO  between  0. 16  to 
0.22%  and  NiO  between  0.2  to  0.33%.  Carbonatite  olivine  is  Mg-rich  (F092.2  to  F097.3),  presents 
MnO  higher  content  (0.23  to  0.49%)  and  lower  NiO  (  <  0.04%).  Olivine  also  occurs  in 
clinopyroxene-bearing  dunite,  nepheline-b earing  phlogopite  pyroxenite  and  olivine  monzonite 
(Gaspar,  1989).  Following  the  above  order  the  forsterite  content  decrease  from  88  to  45  together 
with  MnO  increase  (up  to  0.69%),  what  was  interpreted  as  a  magmatic  fractionation  trend  (Gaspar, 
1989). 

The  Sokli  Massif  belongs  to  the  Kola  Alkaline  Province  in  Finland.  It  was  intruded  between 
334  and  378  Ma  (Kononova  et  al ,  1973  and  Vartiainen  and  Woolley,  1974  in  Vartiainen,  1980).  The 
Sokli  Massif  is  composed  of  carbonatites  and  ultramafites.  The  last  were  interpreted  as  derived  from 
ultrabasic  magmas  that  intruded  before  the  carbonatites.  Intermediate  rocks  occur  as  reaction 
products  between  carbonatites  and  former  silicate  rocks.  The  ultramafites  comprise  magnetite 
olivinite,  olivine  rock,  obicular  olivine  rock  and  pyroxenite.  Carbonatite  rocks  include  phoscorite  and 
carbonatite.  An  olivinite  forming  the  Tulppio  massif  occurs  close  to  Sokli.  Olivines  compositions  are: 
Tulppio  olivinite  (F091.5);  ultramafites  (Fo8 1.7-90.4);  phoscorite  (F094.6),  carbonatite  (Fo87-95.s)  and 
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alkaline  lamprophyres  (Fo89. 1-91.2)  (Vartiainen,  1980).  The  author  described  two  olivine  groups:  (1) 
High  NiO  (0.25  to  0.46%)  and  low  MnO  (0.0  to  0. 14%)  for  olivine  occurring  in  the  Tulppio  olivinite 
and  alkaline  lamprophyres  and  (2)  low  NiO  (<  0.05%)  and  high  MnO  (0.59  to  1.25%)  for  olivine  in 
ultramafites,  phoscorites  and  carbonatites. 

The  Phalaborwa  Complex  is  a  Palaeoproterozoic  carbonatite  mainly  composed  of 
clinopyroxenite  (70%  of  the  main  complex),  copper-bearing  carbonatite,  and  phoscorite  (Ericksson, 
1989).  Two  periods  of  carbonatite  intrusion  occur  in  the  Complex,  one  as  a  magnetite-rich  rock 
called  banded  carbonatite  and  the  transgressive  carbonatite  containing  magnetite  and  silicate  phases. 
Olivine  (Fo79  to  Fo9i)  occurs  in  the  phoscorite  and  in  the  banded  carbonatite.  Ericksson  (1989) 
presents  one  olivine  analysis  for  each  rock.  The  olivines  show  low  NiO  content  (<  0.06%)  and 
carbonatite  olivine  has  the  highest  Fo  content.  There  are  no  data  for  Mn. 

Taking  into  account  the  examples  given  above  olivine  from  carbonatite-related  rocks  are 
richer  in  Mg  content  than  olivines  from  silicate  rocks  for  the  same  complex.  Exceptionally  high 
forsterite  contents  were  found  for  olivine  in  carbonatites  from  the  Jacupiranga  Complex,  with  a  range 
from  94.9  to  97.7mole%  (Gaspar,  1989;  this  work).  Magmatic  olivines  with  Fo  contents  higher  than 
95mole%  are  rare  (Deer  et  al ,  1982). 

Two  olivine  chemical  groups  could  be  distinguished:  (1)  high  Ni  and  low  Mn  olivine  and  (2) 
low  Ni  and  high  Mn  olivines.  The  first  group  corresponds  to  dunite,  olivinite  and  lamprophyre 
olivines,  and  the  second  group  corresponds  to  carbonatite  and  phoscorite  olivines  (Figure  1).  The 
exception  is  the  for  the  ultramafite  occurring  in  Soldi  which  olivine  is  Ni-poor  and  Mn-rich.  The 
chemical  similarity  between  olivines  from  carbonatite  and  phoscorite  reinforces  their  genetic 
relationship  as  previously  proposed  by  several  authors  (e.g.  Vartiainen,  1980;  Lapin,  1982;  Yegorov, 
1983;  Ericksson,  1989;  Zaitsev  and  Bell,  1995,  Araujo,  1996). 

The  main  feature  to  distinguish  silicate  and  carbonatitic-related  olivine,  together  with 
petrographic  and  field  evidences,  is  their  Ni  and  Mn  content.  Ericksson  (1989)  has  attributed  the  low 
Ni  content  of  carbonatite  olivine  to  prior  magnetite  fractionation  that  would  have  lowered  the  Ni 
content  in  the  magma.  Partitioning  data  for  Ni  between  olivine  and  ultramafic  silicate  liquid  suggests 
that  Ni  is  concentrated  in  the  mineral  phase  (Hart  and  Davis,  1978),  what  is  confirmed  by  the  high  Ni 
content  of  olivine  in  ultramafic  rocks.  It  is  possible  that  the  same  Ni  preference  for  olivine  happens  in 
carbonatite  magmas  but  there  is  no  data  on  this  partition  coefficient.  Carbonatites  characteristically 
contain  low  Ni  (up  to  ~50  ppm)  contents  (Woolley  and  Kempe,  1989)  if  compared  to  ultramafic 
rocks  in  carbonatite  complexes  (e.g.,  up  to  0.46%  of  NiO  for  Sokli  and  Catalao-I).  Thus  the  Ni 
difference  in  olivines  from  carbonatites  and  silicate  rocks  may  reflect  the  liquid  Ni  content. 

Mn  is  an  important  element  in  carbonatite  complexes.  Ilmenite  in  silicate  and  carbonatitic 
related-rocks  present  MnO  from  1  to  5  wt%  in  average.  High  Mn  contents  were  observed  in  ilmenite 
from  syenites  of  the  Jacupiranga  Complex  (up  to  11%  of  MnO;  Gaspar,  1989).  Mn  is  strongly 
partitionated  to  ilmenite  in  relation  to  magnetite  regardless  of  whether  it  is  primary  or  the  result  of 
oxidation  solution  (Haggerty,  1976).  It  is  interesting  to  note  that  Mn-rich  ilmenites  occur  in  both 
silicate  and  carbonatite  rocks  while  the  Mn  content  discriminates  olivines  from  carbonatite  and 
silicate  rocks  (Figure  1). 

The  forsterite  contents  of  olivines  occurring  in  kimberlite  groundmass  range  from  87  to 
93mole%  and  NiO  contents  from  0. 1  to  0.5wt%.  They  are  Ca-  and  Mn-poor  (<  0.05wt%)  (e.g.  Apter 
et  al ,  1984;  Tompkins  et  al ,  1984;  Mitchell,  1986)  and  are  chemically  similar  to  silicate  related- 
olivine  in  carbonatite  complexes,  but  different  from  carbonatite  olivine. 

Mantle  olivines  affected  by  carbonatitic  metasomatism  are  described  by  Dalton  and  Wood 
(1993)  and  Hauri  et  al  (1993).  Their  mg  number  and  Ca  content  are  higher  than  mantle  olivines  not 
affected  by  carbonatitic  metasomatism,  however,  their  Ni  and  Mn  are  not  similar  to  carbonatite 
olivine.  Carbonatite  olivines  usually  show  high  mg  number  but  the  Ca  content  is  not  necessarily  high. 
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Figure  0 1  -  NiO  and  MnO  Contents  of  Olivines  from  Carbonatite  Complexes  (see  text  for  references) 
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The  Cretaceous  Juina  kimberlite  province  is  located  at  the  northern  border  of  the  Parecis  Palaeozoic 
basin,  which  is  underlain  by  the  Mesoproterozoic  sialic  Rio  Negro- Juruena  mobile  belt  (Teixeira  et 
al.,  this  volume).  The  Juina  diamonds  occur  in  alluvium  (Sao  Luiz,  Mutum,  Porcao,  Juininha,  Rio 
Vermelho,  and  Samambaia  rivers)  and  in  some  kimberlite  bodies.  Almost  all  alluvial 
diamondiferous  rivers,  with  a  total  production  of  more  than  8  million  carats,  drain  the  Chapadao 
plateau,  a  thin  unit  made  up  of  immature  clay-rich  sediments  with  numerous  granite  and  gneiss 
pebbles.  These  cretaceous  sediments  are  rich  in  kimberlite  indicator  minerals,  and  possibly  were 
deposited  as  wet  mud  flows  (flash  flood?)  in  active  faults  in  the  sialic  basement.  The  diamonds  are 
predominantly  industrial  and  very  seldom  are  found  in  stones  up  to  480ct.  It  is  possible  to  state, 
based  on  mantle  xenolith,  garnet  and  spinel  xenocrysts,  that  the  lithosphere  beneath  the  Rio  Negro- 
Juruena  Mobile  Belt  is  composed  mainly  of  lherzolite  and  eclogite,  reset  at  the  Mesoproterozoic  and 
that,  consequently,  the  Juina  diamonds  should  not  be  associated  with  a  depleted  harzburgite 
Archean  keel.  The  last  conclusion  is  also  supported  by  Sm/Nd  data  (Bizzi  and  Pimentel,  oral 
comunication). 


A  general  description  of  macro-diamond  population  from  Juina  kimberlites  and  alluvial  deposits 
can  be  summarised  as  follows:  a)  dodecahedral  to  irregular  shapes  are  prevalent  but  octahedral, 
aggregate  and  made  also  occur;  b)  predominant  colors  are  brown  and  light  brown,  although  white, 
milky,  yellow  and  pink  colors  occur;  c)  the  majority  of  stones  have  many  inclusions;  d)  etched 
surface  features  are  common  in  the  form  of  frost,  striations,  dissolution  lamellae,  roll  relief,  trigons 
and  pits.  Cathodoluminescense  (CL)  studies  were  made  for  -100  stones  from  alluvium  (Sao  Luiz 
and  Duas  Barras  rivers)  and  from  kimberlite  intrusions.  The  diamonds  were  polished  to  give  a  flat 
surface,  cleaned  and  observed  under  a  CL  microscope.  Digital  backscattered  electron  and  CL 
images  were  acquired  using  the  electron  microprobe  at  the  University  of  Chicago. 

Juina  stones  show  a  deep  blue  CL  color,  sometimes  with  a  strong  intensity  contrast  between  zones. 
Locally,  yellow  colors  are  present.  It  is  possible  to  identify  primary  features  such  as  octahedral 
growth  which  is  repeatedly  truncated  by  resorption  surfaces  since  the  first  observed  growth  lines  at 
the  onset  of  the  diamond  formation.  Their  crystallization  history  is  complicated  with  very  complex 
patterns  of  growth  and  resorption  developed  during  many  different  stages.  Some  diamonds  show 
several  nuclei  which  coalesced  into  a  single  large  crystal.  No  regular  pattern  of  concentric  growth 
was  observed.  Actually,  even  our  the  best  quality  stone,  which  is  a  dodecahedroid,  does  not  display 
concentric  growth.  All  studied  diamonds  are  crystal  fragments  and  not  whole  crystals.  Brecciation 
and  annealing  textures  are  also  present  in  some  stones. 

One  diamond  shows  yellowish-green  "lines"  that  could  be  interpreted  as  crystallographic  controlled 
exsolution  or  dislocations.  This  portion  of  the  stone  was  imaged  in  a  High  Resolution  Ion 
Microprobe  (HRSIMS)  for  N  and  H.  Neither  element  was  detected  and  thus  the  "lines"  do  not 
appear  to  correlate  with  N  or  H  at  the  detection  level  of  this  instrument.  The  yellow  "lines"  are 
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rather  interpreted  as  dislocations  or  slip  planes.  Such  features  can  indicate  that  this  diamond  has 
undergone  plastic  deformation  during  its  mantle  residence  while  the  breccia  textures  indicate  stages 
of  brittle  deformation. 

It  seems  that  a  combination  of  intermittent  stages  of  crystallization,  resorption,  and  shearing 
produced  this  diamond  population.  The  history  of  formation  of  the  Juina  diamonds  explains  their 
low  gem  quality.  The  gem  quality  of  alluvial  diamonds  is  better  than  the  intrusion  stones  (due  to 
selection  through  transport)  and  the  former  tend  to  be  more  homogeneous  based  on  CL  images.  The 
textural  features  of  both  populations,  however,  are  essentially  similar,  indicating  that  the  alluvial 
stones  came  from  the  intrusions. 

The  Juina  diamonds  are  known  to  have  been  formed  in  the  Transition  Zone  or  possibly  in  the  Lower 
Mantle,  due  to  the  sub-650km  mineralogy  assemblage  included  in  diamonds  from  the  Sao  Luiz  river 
(majorite,  periclase-wustite  solid  solution,  Ni,  Cr,  and  A1  levels  in  the  oxide  phases,  and  SiC) 
(Widing  et  al.,  1991;  Harris  et  al.  1997;  Harte  et  al,  1994).  Compared  to  the  diamonds  from 
cratonic  areas,  the  Juina  diamonds  present  a  much  more  complex  formation  history.  A  basic 
question  is  whether  the  complex  growth  history  of  Juina  diamonds  can  be  explained  by  their  ultra 
deep  source,  as  indicated  by  the  Sao  Luiz  inclusions.  If  so,  how  does  one  relate  to  the  other?  The 
most  obvious  possibility  is  to  relate  the  observed  growth  and  deformation  features  to  the  large 
mantle  section,  and  consequently  different  physico-chemical  conditions,  through  which  these 
diamonds  were  transported.  If  they  came  from  the  lower  mantle,  as  indicated  by  the  mineral 
inclusions,  the  transition  zone  and  the  asthenosphere  to  lithosphere  boundary,  are  the  most  evident 
regions  of  changing  conditions  through  which  they  have  travelled. 

Besides  Juina,  other  occurrences  such  as  Monastery  and  Jagersfontein  show  evidence  of  kimberlitic 
asthenospheric  protomelts  at  depths  greater  than  670km  (Haggerty,  1991).  According  to  Haggerty 
(1991)  all  these  bodies  would  have  intruded  craton  edges;  regions  that  are  privileged  locus  for 
plume  induced  magmatic  activity.  We  are  analyzing  the  possibility  that  the  Juina  kimberlites  and 
diamonds  had  a  global  evolution  linked  to  the  Nazca  plate  journey  to  the  Transition  Zone. 
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Figure  1  -  Digital  Cl  images  of  Juina  diamonds. 

Observe  that  stones  are  crystal  fragments. 

A  -  Alternate  sequence  of  growth  and  resorption  in  two 
crystal  faces. 

B  -  Complex  pattern  of  crystallization  and  resorption. 

C  -  Breccia-like  texture  in  the  central  portion  of  is 
followed  by  a  complex  stage  of  growth  and  resorption. 
The  outer  shell  shows  a  later  regular  growth  stage. 
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Lithosphere  Mapping  in  Eastern  Australia 
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The  Australian  continent  can  be  broadly  divided  into  two  distinct  tectonic  domains.  The  western  part 
of  the  continent  consists  of  a  number  of  cratonic  blocks  of  Archaean  and  Proterozoic  age.  The  eastern 
part  is  made  up  of  a  series  of  terranes  which  have  been  accreted  to  the  continent  during  Phanerozoic 
time.  The  boundary  between  these  two  domains,  the  Tasman  Line,  has  been  defined  by  the 
easternmost  outcropping  of  Precambrian  rocks  but  given  the  disparate  origins  of  the  domains  it 
separates  it  is  likely  to  reflect  an  important  boundary  within  the  lithospheric  mantle  as  well. 

This  study  aims  to  understand  the  differences  between  these  two  domains  in  terms  of  lithospheric 
mantle  structure,  thermal  state  and  chemical  composition  using  data  from  mantle-derived  heavy 
mineral  concentrates.  To  this  end  a  lithospheric  transect  has  been  constructed  using  data  from  a  series 
of  localities  across  the  Tasman  Line  in  southeastern  Australia  (Fig.  1). 


Figure  1.  Map  showing  location  of  the  lithospheric  transect  across  southeastern  Australia. 

At  each  locality  along  this  transect  a  lithospheric  section  has  been  produced  by  determining  the 
geotherm  and  lithospheric  thickness.  A  lithospheric  geotherm  can  be  estimated  using  the  Ni 
thermometer  and  Cr  barometer  of  Ryan  et  al.  (1996),  which  are  single  mineral  methods  for  use  with 
mantle-derived  garnet  grains.  This  information  can  be  used  to  place  each  garnet  grain  in  a  depth 
context,  which  then  allows  interpretation  of  changes  in  lithosphere  chemistry  with  depth. 
Lithospheric  thickness  can  be  estimated  for  each  section  through  the  Y  content  of  garnet  grains,  on  the 
assumption  that  Y-depleted  garnets  are  found  only  within  the  lithosphere  and  that  asthenospheric 
garnets  have  high  Y  contents  due  interaction  with  melts.  Using  this  reasoning  the  base  of  the 
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lithosphere  can  be  defined  as  the  temperature  above  which  Y-depleted  garnets  are  no  longer  found. 
The  temperature  can  then  be  referred  to  the  section's  geotherm  in  order  to  obtain  a  lithospheric 
thickness.  Results  from  these  lithospheric  sections  show  an  increase  in  lithospheric  thickness  from 
east  to  west,  from  100  km  at  Jugiong  to  160  km  in  South  Australia  (Fig.  2).  This  increase  in 
lithospheric  thickness  is  accompanied  by  a  decrease  in  geotherm  from  one  lying  above  a  conductive 
model  equivalent  to  a  surface  heat  flow  of  50  mWm'2  at  Jugiong,  to  a  more  typically  cratonic 
geotherm  near  the  40  mWm 2  conductive  model  in  South  Australia. 

Garnet  grains  can  be  classified  according 
to  their  likely  source  rock  on  the  basis  of 
their  chemistry.  In  this  transect  this  has 
been  done  using  the  Ca  and  Cr  contents  of 
garnets  to  discriminate  between  wehrlitic 
(high  Ca),  lherzolitic  (moderate  Ca)  and 
harzburgitic  (low  Ca)  garnets.  This 
method  has  enabled  the  use  of  a  template 
to  estimate  rock  type  from  garnet 
chemistry. 

The  southern  Australian  localities  are 
characterised  by  predominantly  lherzolitic 
sections  with  minor  amounts  of  wehrlitic 
and  Ca-harzburgitic  material.  The  main 
change  across  the  transect  is  in  the 
abundance  of  these  minor  rock  types.  In 
the  eastern  part  of  the  transect  a  small 
proportion  of  high  calcium  wehrlitic 
garnets  is  seen,  whereas  in  the  westerly 
sections  the  proportion  of  this  material  is 
much  less  and  a  small  amount  of  calcic 
harzburgitic  material  is  evident. 

A  more  detailed  method  of  looking  at  variations  in  lithosphere  chemistry  through  garnet  composition 
is  by  the  construction  of  "chemical  sections".  These  sections  can  display  facets  of  garnet  chemistry 
contoured  with  depth,  to  study  variations  in  individual  elements  with  depth  within  sections  and  across 
the  transect.  Chemical  sections  constructed  for  this  transect  show  significant  variations  in  minor  and 
trace  element  characteristics  of  garnet  throughout  the  transect.  Some  of  the  main  features  observed 
are: 
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Figure  2.  Estimated  lithospheric  thicknesses  for 

sections  on  the  southern  Australian  transect 


•  maximum  Cr203  content  of  garnet  increases  from  3%  in  Phanerozoic  areas  to  >10%  in  the 
Proterozoic  sections 

•  mean  Ti02  content  does  not  vary  systematically  across  the  transect  but  increases  with  depth 
in  all  sections.  This  reflects  the  increasing  influence  of  melt-related  metasomatism  with  depth 

•  mean  Y/Ga  ratios  are  extremely  high  in  the  Jugiong  section  and  decrease  rapidly  to  the  west. 
This  indicates  an  increase  in  the  degree  of  depletion  in  this  direction  (Griffin  et  al.,  1998) 

While  garnet  can  reflect  important  variations  in  lithosphere  chemistry,  it  is  a  minor  phase  in  most 
lherzolites.  Olivine,  on  the  other  hand,  is  the  most  abundant  mantle  mineral.  The  Fe/Mg  ratio  of 
olivine  is  an  important  characteristic  of  lithospheric  composition  as  it  is  one  of  the  main  determinants 
of  the  density  of  lherzolite  due  to  the  high  modal  proportion  of  olivine  in  these  rocks.  The  Mg  content 
of  olivine  is  also  a  useful  indicator  of  the  degree  to  which  the  lithosphere  has  been  depleted  through 
the  extraction  of  basaltic  melts.  An  inversion  of  O'Neill  and  Wood's  (1979)  garnet-olivine  Fe-Mg 
exchange  geothermometer,  using  the  equilibrium  temperature  calculated  by  the  Ni  thermometer  in 
conjunction  with  the  measured  garnet  composition,  has  been  developed  to  calculate  the  Fe-Mg 
composition  of  olivine  coexisting  with  each  garnet  grain. 


246 


The  algorithm  for  implementing  this  inversion  has  been  tested  on  garnets  from  xenoliths  where  the 
composition  of  olivine  was  known.  Xenoliths  from  both  Archaean  (Kaapvaal  Craton)  and 
Phanerozoic  (eastern  China)  mantle  were  used  in  this  test  to  ensure  applicability  to  a  variety  of  tectonic 
areas.  The  tests  indicate  that  the  inversion  can  reproduce  olivine  Fo  contents  with  an  error  of  ±0.5. 
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Figure  3.  Variation  in  Mg  content  of  olivine  across  the  southern  Australian  transect. 

The  results  of  applying  this  inversion  to  the  southern  Australian  transect  show  a  core  of  high  Mg# 
olivine  in  the  shallow  portions  of  the  most  westerly  sections  (Fig.  3).  Olivine  in  these  volumes  have 
Fo  contents  of  92-93.  The  easternmost  sections  have  Fo  contents  of  90-91.  The  general  trend  is, 
therefore,  to  higher  Mg#  in  olivine  towards  the  craton,  reflecting  a  greater  degree  of  depletion  beneath 
the  Proterozoic  craton.  There  also  is  an  overall  trend  to  lower  values  with  increasing  depth  within 
each  section,  probably  due  to  the  increasing  metasomatic  effects  of  melts  with  depth. 
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Many  phase  equilibrium  experiments  in  the  CMAS  system  have  been  made  to  understand  the 
thermodynamic  relations  of  model  peridotitic  compositions.  The  garnets  in  this  system  can  be 
described  and  their  thermodynamic  properties  modeled  by  the  grossular-pyrope  (Ca3Al2Si3012- 
Mg3Al2Si30i2)  join.  A  thermodynamic  description  of  this  solid  solution  is  also  important  in 
formulating  garnet  activity  models  used  in  various  geothermobarometers  applicable  to  mantle 
xenoliths,  because  of  the  large  nonidealities  associated  with  it.  A  good  model  for  this  join  would  be 
especially  useful,  for  example,  in  describing  the  P-T  conditions  of  grospydite  xenoliths. 

We  have  shown  recently  (Bosenick  et  al.,  1995;  Bosenick  et  al.,  submitted)  that  synthetic  pyrope- 
grossular  garnets  synthesized  between  1000  and  1400  °C  are  not  completely  disordered,  but  show 
some  degree  of  short-range  order  of  the  Mg  and  Ca  cations.  This  effects  their  Sconf,  which  enters 
into,  for  example,  the  P-T  position  of  the  spinel  to  garnet  peridotite  transition  as  governed  by  the 
Clausius-Clapeyron  equation  : 


dP  AS 
dT  ~  AV 


(1) 


The  curvature  of  this  transition  is  dependent,  among  other  factors,  on  the  entropy  of  garnet  (Wood 
and  Holloway,  1984)  and,  hence,  the  degree  of  order-disorder  Moreover,  it  appears  that  the 
volumes  of  garnet  solid  solutions  depend  slightly  upon  their  structural  state. 

The  volume  of  mixing  of  pyrope-grossular  garnets  has  been  determined  a  number  of  times  over  the 
past  forty  years.  However,  until  recently  no  good  consensus  could  be  reached  as  to  their  behavior 
(for  a  review  see  Bosenick  and  Geiger,  1997).  Therefore,  all  the  previous  volume  data  from  the  Py- 
Gr  binary  were  reanalyzed  in  order  investigate  potential  differences  in  the  volume  of  mixing 
behavior  between  the  different  studies.  Volume  data  from  six  investigations  were  taken,  where 
pyrope-grossular  garnets  were  synthesized  over  a  range  of  temperature  from  980  to  1400  °C  with 
different  experimental  set-ups.  The  data  were  arbitrarily  separated  into  two  groups,  those 
synthesized  above  and  below  1100  °C.  This  temperature  was  chosen,  because  it  represents 
approximately  the  T  below  which  Mg-Ca  order  can  be  quenched  in  from  high-pressure  experiments 
(Bosenick  et  al.,  submitted). 

The  data  appear  to  show  the  following  (Figure  1):  In  pyrope-rich  compositions  those  garnets 
synthesized  below  1100  °C  tend  to  have  relatively  smaller  molar  volumes  compared  to  those 
synthesized  at  higher  temperatures,  while  the  reverse  is  true  for  grossular-rich  compositions.  The 
lower  temperature  data  set  can  be  described  by  ideal  mixing  behavior  (AVex  =  0),  while  the  higher 
temperature  data  can  be  represented  by  a  regular  mixing  model  (Wv  =  1 .2  ±  0.4  cm3/mole).  Both 
models  should  be  considered  estimates,  because  of  the  lack  of  volume  data  over  certain 
compositions.  In  addition,  differences  in  experimental  conditions  and,  more  importantly,  the 
structural  state  of  garnet  in  the  various  studies  can  not  be  evaluated. 
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These  results  demonstrate  the  necessity  of  undertaken  crystal  chemical  investigations  of  garnet 
before  extracting  thermodynamic  properties.  In  addition,  the  structural  state  of  natural  garnets  in 
peridotites  and  eclogites  needs  to  be  investigated. 


Py  Gr 

Mole  Fraction  Ca/(Ca  +  Mg) 
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The  general  concensus  of  recent  theoretical  and  petrological  studies  is  that  the  genesis  of 
kimberlites  and  associated  alkaline  igneous  rocks  is  related  to  the  presence  of  anomalously  high 
potential  temperatures  in  the  underlying  convecting  mantle  (e.g.  Le  Roex,  1986;  McKenzie,  1989; 
Haggerty,  1994;  Gibson  et  al.,  1995a).  The  impact  of  a  mantle  plume  on  the  base  of  the  lithosphere 
is  believed  to  affect  a  region  up  to  2500  km  in  diameter  but  the  composition  and  location  of  the 
associated  melts  may  vary  according  to  the  thickness  of  the  overlying  lithosphere.  Anhydrous 
decompression  melting  of  the  plume  head  and  the  genesis  of  basaltic  magmas  will  only  occur 
beneath  lithosphere  of  about  <120  km.  In  regions  of  thicker  lithosphere  the  plume  may  be 
volumetrically  less  significant  as  a  melt  source,  but  may  be  responsible  for  transferring  heat  by 
conduction  or  advection  in  very  small-fraction  melts.  This  may  initiate  melting  of  readily-fusible  K- 
rich  parts  of  the  overlying  lithospheric  mantle.  As  a  result,  plume-related  magmas  emplaced  in 
former  mobile  belts  and  cratons  are  often  relatively  small-volume  and  rich  in  K  (e.g.  kimberlites, 
lamproites,  kamafugites  and  minettes). 

The  Lunda  kimberlite  province  of  NE  Angola  was  emplaced  near  the  southern  margin  of  the  Congo 
Craton.  It  is  located  at  the  NE  end  of  a  1200  km  linear  magmatic  belt  of  kimberlites  and  alkaline 
igneous  complexes  (including  carbonatites  and  syenites).  These  appear  to  have  been  emplaced 
contemporaneously  during  the  Early  Cretaceous  (-134  Ma:  Davis,  1977;  Torquato,  1970). 
Reconstructions  of  Gondwana  show  that  at  134  Ma  the  Lunda  kimberlite  province  was  located  near 
the  postulated  impact  site  of  the  starting  head  of  the  Tristan  mantle  plume  (Fig.  1). 


Fig.  1.  Postulated  location 
of  the  Early  Cretaceous 
‘impact  site’  of  the  Tristan 
plume  head.  References  for 
ages  of  magmatism  and 
distribution  of  cratons  and 
mobile  belts  are  in  Gibson 
etal.  (1995b). 
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This  thermal  anomaly  has  also  been  linked  with  the  genesis  of:  (i)  the  Parana-Etendeka  continental 
flood  basalt  province  (White  &  McKenzie,  1989);  (ii)  mafic  potassic  magmatism  in  Namibia, 
southern  Brazil  and  Paraguay  (Gibson  et  al,  1995b;  Milner  &  Le  Roex,  1996).  A  narrow  (<250  km) 
linear  chain  of  ocean  islands  and  seamounts  that  constitute  the  Walvis  Ridge  forms  a  continuation 
of  the  NE/SW  trending  belt  of  Angolan  magmatism.  However,  this  shows  a  progressive  decrease  in 
age  (from  113  Ma  to  1  Ma;  O’Connor  &  Le  Roex,  1992)  with  distance  from  the  continental  margin 
and  may  represent  the  ‘tail’  of  the  steady-state  Tristan  mantle  plume. 

Despite  the  relatively  high  abundance  and  widespread  occurrence  of  kimberlites  in  Angola,  there  are 
very  few  petrographic  descriptions  or  whole-rock  geochemical  analyses  available  in  the  published 
literature.  The  Lunda  province  contains  >40  richly  diamondiferous  kimberlite  pipes  that  were 
emplaced  into  Archean/Early  Proterozoic  basement.  All  of  the  available  samples  have  undergone 
hydrothermal  alteration  and  most  of  the  primary  phases,  with  the  exception  of  ilmenite  macrocrysts, 
have  been  replaced  by  secondary  minerals.  Relict  textures  within  the  rocks  suggest  that  they  are 
from  crater  facies  kimberlites. 

The  Lunda  kimberlites  have  high  contents  of  TiCL  (4  to  5  wt.%)  and  also  Nb  (170  to  250  ppm). 
They  are  enriched  in  light  rare-earth  elements  (LREE;  La=65  to  193  ppm)  and  have  low  abundances 
of  heavy  REE  (e.g.  Lu=0.14  to  0.22  ppm).  They  have  variable  initial  87Sr/86Sr  ratios  (0.7029  to 
0.7076)  that  reflect  the  hydrothermal  alteration  and  variable  contents  of  crustal  xenoliths.  The 
Lunda  kimberlites  have  high  eNd  values  (+4)  and  on  a  conventional  Sr-  Nd-isotope  diagram  plot  in 
the  field  of  ocean-island  basalts,  near  Group  I  South  African  kimberlites  (Fig.  2). 


8  7  8  6 

Sr/  Sr, 


Fig.  2.  Variation  of  87Sr/86Srj  ratios  and  eNd  values  in  Tristan  plume  related  magmas.  References  for 
data  sources  are  in  Gibson  et  al.  (1995a  and  b). 
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The  Sr-  and  Nd-isotopic  ratios  of  the  Lunda  kimberlites  are  similar  to  those  of  132  Ma  picrites  from 
the  Parana-Etendeka  CFB  province  in  NW  Namibia  (Fig.2).  The  picrites  have  normalised 
incompatible  trace  element  patterns  that  are  similar  to  those  of  ocean-island  basalts  and  are  believed 
to  have  been  generated  by  melting  of  the  Tristan  mantle  plume  starting  head  (Gibson  et  al,  1997). 
Inversion  modelling  of  the  REE  abundances  suggest  that  the  picrites  were  generated  over  a  depth 
range  of  120-80  km,  i.e  beneath  thinner  lithosphere  than  the  diamondiferous  Angola  kimberlites. 

The  Lunda  kimberlites  have  slightly  lower  Sr-  and  higher  Nd-isotopic  ratios  than  the  132  to  129  Ma 
mafic  potassic  igneous  rocks  (lamprophyres)  from  the  Damara  Belt  of  NW  Namibia  and  the  Ribeira 
Belt  of  southern  Brazil  (Fig.  2).  The  latter  are  characterised  by  lower  abundances  of  LREE  and 
higher  abundances  of  HREE  (La/Yb=40  to  60)  than  the  Angolan  kimberlites  (La/Yb=50  to  100). 
Mafic  potassic  magmas  were  also  emplaced  in  the  Rio  Apa  craton  (Paraguay)  between  143  and  127 
Ma.  These  are  characterised  by  intermediate  REE  ratios  (La/Yb=40  to  80)  but  have  low  abundances 
of  elements  such  as  Nb,  Ta  and  Ti  and  very  low  eNd  values  (-13  to  -17;  Gibson  et  al,  1995b). 
These  geochemical  variations  in  the  Early  Cretaceous  mafic  potassic  magmas  presumably  reflect:  (i) 
the  different  evolutionary  histories  of  the  Rio  Apa  and  Congo  cratons;  (ii)  the  thinner  lithosphere  of 
the  surrounding  Proterozoic  mobile  belts.  Nevertheless,  the  spatial  and  temporal  distribution  of  all 
of  these  mafic  potassic  magmas  suggests  that  their  genesis  was  associated  with  the  impact  of  the 
Tristan  mantle  plume.  The  Angolan  kimberlites  appear  to  represent  the  deepest  mantle  melts  to  be 
associated  with  this  thermal  event.  A  plume-related  origin  for  the  Angolan  kimberlites  is  consistent 
with  entrained  Cr-poor  diopside  megacrysts  that  are  believed  to  have  equilibrated  at  temperatures  of 
1300  -1400°C  (Boyd  &  Danchin,  1980). 
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Geothermobarometry  of  garnet  harzburgites  and  harzburgitic  inclusions  in  diamonds  is  restricted  to 
the  use  of  three  thermometers  (Fe-Mg  exchange  between  Ol-Grt,  Opx-Grt  and  Ol-Sp)  with  all  their 
pit  falls  and  to  one  barometer  (Al-content  of  Opx  coexisting  with  Grt).  Trace  element 
thermobarometers  are  calibrated  against  these  experimentally  derived  thermobarometers.  Garnet  and 
spinel  bearing  parageneses  offer  further  possibilities  (Doroshev  et  al.  1997,  Brey  et  al.  and  Girnis  & 
Brey,  Part  I  and  II,  accepted  for  publication  by  European  Journal  of  Mineralogy)  which  allow 
pressure  and  temperature  estimates  from  a  combination  of  any  two  of  the  four  harzburgitic  phases. 
The  latter  authors  presented  experimental  results  and  a  thermodynamic  model  for  coexisting  olivine, 
orthopyroxene,  spinel  and  garnet  in  the  system  Fe0-Mg0-Al203-Si02-Cr203  (FMASCr).  For 
application  to  natural  rocks  this  model  needs  refinement  which  may  be  obtained  from  the  use  of 
mineral  compositions  from  well  equilibrated  natural  samples. 

Seven  independent  reactions  may  be  considered  in  the  FMASCr  system  which  are  described 
by  seven  equations  for  equilibrium:  ArG‘  =  RTlnKi  +  ArG0'+  ArGex-  0,  i=l,  2,... 7. 


1.  Fe-Mg  exchange  olivine-spinel 

2.  Fe-Mg  exchange  olivine-orthopyroxene 

3.  Fe-Mg  exchange  olivine-garnet 


4.  Cr-Al  exchange  orthopyroxene- spinel 

5.  Cr-AJ  exchange  garnet-spinel 

6.  MgSi03  +  MgAlAlSi06  =  Mg3Al2Si3012 

7.  MgSiCh  +  MgAl2Q4  =  Mg2SiQ4  +  Mg3Al2Si30i2 


For  known  compositions  of  all  the  phases  from  a  four  mineral  harzburgitic  assemblage,  the 
intersection  of  any  two  independent  reactions  defines  equilibrium  temperature  and  pressure  The 
remaining  five  reactions  define  five  pressure  and  temperature  independent  constraints  on  the 
composition  of  the  phases.  These  constraints  may  be  compared  with  mineral  compositions  from 
natural  garnet-spinel  harzburgites  to  refine  the  thermodynamic  parameters  of  equilibria  1-7.  Fully 
equilibrated  xenoliths  are  rare,  especially  those  with  high  Cr  and  low  Ca  garnets  and  very  low  Ca 
orthopyroxenes.  As  inclusions  in  diamonds,  however,  such  depleted  parageneses  are  common, 
whereby  touching  minerals  are  best  suited  for  our  modelling.  They  were  able  to  continuously  adjust 
to  changing  physical  conditions  and  most  likely  represent  equilibrium  assemblages.  Non-touching 
mineral  inclusions  should  reflect  growth  conditions  of  diamonds  but  may  be  disequilibrium 
assemblages  because  of  successive  incorporation  into  diamond  from  a  chemically  changing 
environment.  For  the  refinement  we  used  the  world-wide  inclusion  database  of  Stachel  and  Harris 
(1997)  plus  the  De  Beers  Pool  Mines  data  of  Phillips  and  Harris  (1995). 

From  the  comparison  of  the  measured  and  calculated  mineral  compositions  systematic  errors 
in  the  thermodynamic  parameters  of  our  original  model  from  the  FMASCr  system  will  become 
apparent.  By  first  using  the  data  set  of  touching  parageneses  only  we  found  good  reproduction  of  the 
composition  of  all  phases  except  for  Al  and  Cr  in  orthopyroxene.  We  then  adjusted  our  model 
accordingly  within  the  constraints  of  the  experimental  brackets  and  obtained  our  thermodynamic 
Model  I.  The  temperature  range  calculated  for  touching  minerals  is  restricted  to  1000-1200°C. 
Application  of  the  Model  I  parameters  to  the  whole  set  of  mineral  compositions  results  in  high 
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temperatures  for  many  of  the  non-touching  inclusions  (more  than  1600°C)  and  higher  discrepancy 
with  respect  to  A1  in  orthopyroxene.  Here,  disequilibrium  will  play  a  role  to  some  extent.  It  should 
not  be  the  case  for  the  majority  of  the  inclusions,  since,  at  the  low  temperature  end,  touching  and 
non-touching  inclusions  overlap  completely  and  discrepancies  arise  only  at  higher  temperatures 
suggesting  an  error  in  the  temperature  dependence  of  some  thermodynamic  parameters.  Thus  we 
derived  thermodynamic  Model  II  with  the  complete  inclusion  database. 

Both  models  are  compatible  with  the  experimental  data  (Part  I,  II)  and  the  thermodynamic 
database  of  Berman  (1988)  and  Sack  &  Ghiorso  (1994).  We  have  no  sound  reason  to  choose  one  of 
the  two  models  as  the  best  one  to  use  in  thermobarometry.  The  two  models  yield  extreme  values  of 
pressure  and  temperature,  the  difference  being  a  measure  of  the  error  in  P,T  estimates. 

Here,  we  want  to  point  out  specifically  that  the  Cr-Al  exchange  reactions  between  garnet  and  spinel 
and  orthopyroxene  and  spinel  are  much  more  temperature-sensitive  than  the  respective  Fe-Mg 
exchange  equilibria.  The  expressions  for  such  Cr-Al  exchange  geothermometers  derived  from  our 
results  are  as  follows  (T  in  K,  P  in  bar): 

T  =  [5584-541W£fx  -  2406(3CrO/7X  -  Al°px  )+  675  X™]g°px  +  S7SX%UOpx  + 1224  Xs/e  + 

1949X^(1.41  -  Xscpr)+  0.00192P]/  (4.456  +  In K4  -  0.233Xs/e  ) 
and 

6036-1746.4X^  -2\94X™  +950X^  +1224X#  +1949Xg(1.41-Xg)  +  0.0058P 
T_  2.53 5  + In X5  -  0.233 Xs/e 


where  K ,  = 


yMX.Opx  ySp 
^  Al  ^  Cr 

yM\,Opx  ySp  ’ 
ACr  A Al 


X  Grt  P 

K ^  =  y^Gn  and  Alopx,  Cr0px  =  Al,  Cr  in  the  structural  formula  of  opx 

XCr  X-Al 


For  a  four-phase  association  the  seven  equations  may  be  used  to  determine  pressure  and 
temperature  which  means  calculation  of  the  intersections  of  the  different  reactions  and  averaging  the 
intersection  parameters.  As  for  inclusions  in  diamonds,  the  general  case  is  that  not  all  four  phases  are 
present  and  the  composition  of  missing  phases  must  be  calculated  along  with  pressure  and 
temperature  with  an  approach  similar  to  that  of  Kawasaki  (1987).  This  leads  to  a  larger  uncertainty 
in  calculated  pressure  and  temperature. 


Fig.  1:  Pressure  and 
temperature  calculated  for 
inclusions  in  diamonds 
using  the  method  given  in 
this  work.  Large  and  small 
squares  connected  with 
lines  show  values  obtained 
for  Models  I  and  II, 
respectively.  Solid  symbols 
are  for  touching  inclusions 
(mainly  orthopyroxene- 
garnet). 


Application  of  the  described  method  to  inclusions  in  diamonds  is  shown  in  Fig.  1.  The 
equilibrium  temperatures  for  touching  inclusions  range  from  1000  to  1200°C  at  pressures  from  45  to 
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65  kbar.  All  samples  plot  in  the  diamond  stability  field  and  close  to  a  cratonic  geotherm. 
Temperatures  for  the  non-touching  iclusions  range  up  to  1600  °C  in  the  same  pressure  interval 
Keeping  in  mind  that  not  all  inclusions  represent  equilibrium  assemblages  we  interpret  the 
temperatures  calculated  for  non-touching  inclusions  as  indicative  for  diamond  growth  over  a  wide 
range  of  temperatures  off  cratonic  geothermal  gradients.  Touching  minerals  may  record  diamond 
growth  conditions  along  geothermal  gradients  or  subsequent  cooling  to  conditions  of  a  steady  state 
geotherm.  We  also  find  that  Cr/(Cr+Al)  of  garnet  does  not  correlate  strongly  with  pressure  and  that 
the  most  chromian  garnets  form  at  pressures  lower  than  60  kbar  in  equilibrium  with  spinel  (Fig.  2). 
Absence  of  highly  chromian  garnets  at  higher  pressures  indicates  spinel-free  mantle  parageneses 
controlled  by  bulk  compositional  constraints.  Very  high  Cr  in  some  garnets  indicates  locally  high 
Cr/Al  ratios  in  the  mantle  but  not  extremely  high  pressures.  In  a  spinel-free  association  increasing 
pressure  causes  a  decrease  of  Cr  in  garnet  because  of  increasing  modal  abundance. 


Fig.  2:  Cr/(Cr+Al)  ratio  of 
garnet  inclusions  as  func¬ 
tion  of  pressure  calculated 
with  Model  II.  Solid  tri¬ 
angles  represent  garnets 
touching  with  ortho¬ 
pyroxene  and  solid  circles 
touching  with  ortho¬ 
pyroxene  +  spinel. 
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Cosmogenic  3He  can  be  produced  in  diamonds  during  their  post-eruptive  residence  near  the 
surface  (Lai,  1987).  Cosmogenic  3He  production  is  not  expected  bellow  5  meters  below  the  surface 
in  alluvium  or  weathered  kimberlite  or  lamproite  pipes  (Lai  et  al.,  1989).  10Be  has  a  half  life  of 
1.5xl06  years  and  can  be  used  to  date  the  exposure  time  to  cosmic  rays,  but  a  saturation  level  can  be 
reached  limiting  the  time  interval  in  which  10Be  can  be  used.  Saturation  depends  on  the  material, 
latitude,  and  altitude  and  is  typically  reached  in  several  million  years.  Unlike  I0Be,  3He  however,  will 
continue  to  accumulate  in  the  diamond  (Lai  et  al.,  1987). The  geomagnetic  field  also  affects  the 
production  rates  of  both  isotopes.  Despite  all  these  variables  some  data  in  the  literature  suggest  that 
it  could  be  possible  to  use  3He  and  10Be  to  study  the  exposure  history  of  diamonds  (Ceding  and 
Craig  1994). 

Several  determinations  of  noble  gases  isotopes,  in  particular  3He  and  4He,  are  available  for 
diamonds  from  worldwide  occurrences.  The  data  are  on  alluvial,  pipe  and  undocumented  stones.  In 
order  to  evaluate  de  3He  content  of  documented  specimens  we  compare  alluvial  and  pipe  diamonds 
occurring  in  South  Africa  (Premier,  Finsch),  Botswana  (Orapa),  Zaire,  Sierra  Leone  and  Australia 
(Argyle  and  Ellendale). 

Alluvial  and  pipe  diamonds  were  analyzed  by  Ozima  et  al  (1983);  Ozima  et  al  (1985);  Lai  et 
al  (1987);  Honda  et  al  (1987);  Kurz  et  al  (1987);  Lai  et  al  (1989);  McConville  and  Reynolds  (1989); 
McConville  et  al  (1991)  and  Wiens  et  al  (1994).  3He  contents  of  several  diamonds  and  sample 
discrimination  for  alluvial  and  pipe  are  presented  in  Figures  1,  2  and  3.  Ozima  et  al  (1983)  found 
high  3He  content  in  inclusion-free  diamonds  from  the  Premier  Mine  (depth  not  specified)  and 
proposed  a  primitive  signature  for  the  high  3He/4He  ratio.  Lai  et  al  (1987)  presented  3He  content  for 
two  alluvial  stones  in  Zaire  and  compared  to  other  determinations  for  Zaire  alluvial  diamonds  from 
Ozima  et  al  (1985)  and  Honda  et  al  (1987).  The  high  3He  content  observed  was  attributed  to 
cosmogenic  origin.  The  same  cosmogenic  component  was  also  suggested  to  occur  in  alluvial 
diamonds  from  South  Africa  that  present  high  3He  content  when  compared  to  pipe  ones  (Lai  et  al , 
1989).  Diamonds  from  the  Premier  Pipe  yield  low  3He  content  and  contrast  with  the  preliminary 
analysis  from  Ozima  et  al  (1983).  The  authors  also  analyzed  diamonds  from  the  weathered  zone  of 
the  Argyle  pipe  and  from  a  nearby  alluvium.  In  contrast,  both  samples  displayed  low  3He  contents. 
McConville  and  Reynolds  (1989)  examined  fragments  of  two  stones  from  the  Sierra  Leone  alluvial. 
One  stone  is  inclusion-free  (L4  and  L5)  and  the  other  contain  inclusions  (L6,  L7  and  L8).  The  3He 
content  is  high  for  both  stones  but  the  4He  content  is  much  lower  for  the  first  group  (L4  and  L5).  The 
higher  4He  content  for  the  second  group  was  assigned  to  the  decay  of  U  and  Th  in  the  inclusions. 
McConville  et  al  (1991)  examined  diamond  specimens  from  the  weathered  zone  of  the  Argyle  Pipe, 
from  a  2,9  km  distant  alluvium  (Limestone  Creek)  and  from  the  Ellendale  Pipe  (Australia).  In 
contrast  to  the  low  3He  and  4He  values  found  by  Lai  et  al  (1989)  for  the  Argyle  pipe  and  alluvial 
diamonds,  the  authors  report  much  higher  contents  of  both  isotopes  in  diamonds  from  the  same 
places.  They  believed  that  the  differences  are  due  to  an  U-free  phase  analyzed  by  Lai  et  al  (1989), 
yielding  low  4He  values.  Diamonds  from  the  Ellendale  pipe  show  lower  3He  values.  Kurz  et  al  (1987) 
examined  diamonds  from  the  Orapa  Kimberlite  in  Botswana  through  step  analysis.  The  authors 
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found  variability  within  single  stones  and  attributed  it  to  U  and  Th  zonation  and/or  surface 
implantation.  The  samples  were  recovered  from  40  meters  deep  what  did  not  allow  cosmogenic  3He 
production.  The  authors  drew  attention  to  the  fact  the  the  one  step  analysis  usually  presented  in  the 
literature  would  hide  isotope  variability. 

The  results  of  Lai  et  al  (1987)  and  Lai  et  al  (1989)  are  plotted  separately  from  those  of 
McConville  and  Reynolds  (1989)  and  McConville  et  al  (1991)  in  Figures  2  and  3.  The  most 
important  feature,  common  to  both  diagrams,  is  that  the  3He  contents  of  alluvial  diamonds  are  higher 
than  those  in  pipe  diamonds.  The  absolute  values,  however,  do  not  show  consistency  between  the 
two  data  sets  (see  Figure  1).  The  differences  in  absolute  values  could  be  due  to  different  laboratory 
procedures. 

The  data  presented  in  Figures  2  and  3,  thus,  suggest  that  3He  contents  in  diamonds  seem  to 
be  a  potential  tool  to  identify  and  discriminate  diamonds  with  a  long,  short  or  no  exposition  time  to 
cosmic  rays,  mainly,  if  combined  to  the  calculated  10Be  exposure  times.  The  results  that  both 
isotopes  (and  perhaps  others)  can  provide  are  directly  related  to  the  time  interval  that  a  diamond 
population  has  been  involved,  or  not,  with  sedimentary  recycling.  Examples  of  diamond  prospecting 
areas  where  this  exploration  tool  could  be  tested  include  the  Casuarina  (Australia),  Guanyamo 
(Venezuela),  Sao  Francisco  Craton  (Brazil),  etc.  The  field  of  cosmogenic  isotopes  studies  for 
diamond  exploration  programs  seems  to  be  open  and  promising,  if  well  controlled  target  areas  are 
chosen  and  methods  and  specific  criteria  are  established. 
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Figure  01  -  Alluvial  (filled  symbols)  and  pipe  (open  symbols)  diamonds  reported  by  Lai  et  al,  1987;  Lai  et  al,  1989; 
McConville  and  Reynolds,  1989  and  McConville  et  al,  1991. 


Figure  02  -  Open  symbols:  pipe  diamond;  filled  symbols:  alluvium  diamonds.  Data  from  Lai  et  al  (1987)  and  Lai  et  al 
(1989).  Filled  square  -  Zaire  alluvium,  samples  EBM  and  Zaire-1  (Lai  et  al,  1987);  filled  losangle  -  Namibian 
alluvium,  samples  CDM-1  to  CDM-5;  filled  triangle  -  Argyle  near  alluvium,  sample  ARG-AI-1;  open  square  -  Finsch, 
Premier  and  De  Beers  Pool  Mine  South  African  pipes,  samples  FNS-1,  FNS-2,  PR-1,  PR-2  and  D.P.;  open  circle  - 
Panna  Pipe,  India,  sample  PI;  open  triangle  -  Argyle  Pipe,  Australia,  sample  ARG-P-1 1  (Lai  et  al,  1989). 


Figure  03  -  Open  symbols:  pipe  alluvium;  filled  symbols:  alluvium  diamonds.  Data  from  McConville  et  al  (1989)  and 
McConville  and  Reynolds  (1991).  Filled  square  -  Sierra  Leone  Alluvium,  samples  L4-5,  L^g  (MacConville  and 
Reynolds,  1989);  Filled  Triangle  -  Argyle  near  Alluvium,  Australia,  samples  LC-WZ,  LC-Wg  and  LC-BZ.  Open  circle 
-  Ellendale  Pipe,  Australia,  samples  ELL-WZ  and  ELL-YZ;  Open  triangle  -  Argyle  Pipe,  Australia,  samples  ARG- 
WZ,  ARG-WG,  ARG-BG#1  and  ARG-BG#2  (McConville  et  al,  1991). 
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The  Diavik  Kimberlites  -  Lac  de  Gras,  Northwest  Territories,  Canada 
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The  Diavik  Diamond  Project  comprises  planned  development  of  four  high  grade  diamond-bearing 
kimberlite  intrusions  of  Eocene  age.  The  kimberlites  occur  as  small  (<  2  ha),  steep  sided  ‘pipes’, 
and  are  hosted  in  a  complex  of  Archaean  granitoids  and  micaceous  meta-sediments  of  the  cratonic 
Slave  Structural  Province. 

The  Diavik  Project  area  is  located  approximately  300  km  northeast  of  the  City  of  Yellowknife  and 
some  30  km  southeast  of  the  BHP/Diamet  Ekati  Mine  in  Northwest  Territories,  Canada.  The  four 
kimberlite  occurrences  are  located  beneath  the  waters  of  Lac  de  Gras  (Figure  1),  adjacent  to  the 
Ekadi  (‘Fat  Island’,  in  Dogrib)  shoreline.  The  existing  camp  is,  and  the  proposed  mine  site  will  be, 
located  on  Ekadi. 

Figure  1:  Project  Locality  Map 


The  Diavik  claim  block,  originally  encompassing  230  400  hectares,  was  staked  by  Aber  Resources 
Ltd.  and  partners  in  late  1991  and  early  1992.  In  1992  a  joint  venture  was  formed  between  Aber 
Resources  and  partners,  and  Kennecott  Canada  Inc.  (now  Kennecott  Canada  Exploration  Inc.),  to 
explore  the  Diavik  claims.  Diavik  Diamond  Mines  Inc.  (DDMI)  was  established  in  1996  to  develop 
the  joint  venture  prospects.  The  property  is  held  60%  by  DDMI  and  40%  by  Aber. 

Exploration  on  the  Diavik  claims  has  discovered  forty-nine  kimberlite  occurrences,  of  which 
twenty-two  are  diamond  bearing.  The  exploration  process  relies  upon  airborne  and  surface 
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geophysical  surveys  and  sampling  of  the  glacial  regolith  for  heavy  ‘indicator’  minerals  (HM), 
followed  by  confirmation  drilling. 

The  Diavik  resource  currently  comprises  four  kimberlite  pipes:  A154  North  and  A154  South,  which 
are  located  approximately  150  m  apart;  A418,  some  850  m  southwest  of  A154  South;  and  A21, 
4km  southwest  of  A418  (Figure  1).  All  four  occurrences  display  good  electromagnetic  signatures 
typical  of  thin  conductive  disks;  A 154  North  and  A21  also  have  coincident  weak  magnetic  lows 
with  respect  to  background.  A  well-developed  HM  indicator  train  trends  west-northwest  from  A2 1 : 
this,  together  with  the  attendant  geophysical  signatures,  led  to  its  discovery  in  April,  1994.  A 145 
South  and  A 154  North  were  discovered  shortly  thereafter,  and  A418  followed  in  the  spring  of  1995. 

The  kimberlites  intrude  an  assemblage  of  Late  Archaean  plutonic  rocks  that  represent  the  final 
stabilising  event  in  the  formation  of  the  Slave  Craton  (Davis  et  al .,  1994).  Most  of  the  granitic  rocks 
are  peraluminous  S-type  granites  and  granodiorites,  which  the  authors  correlate  with  syn-  to  post- 
deformational  (2599-2580  Ma)  plutonic  suites  described  by  Davis  et  al.  (1994).  The  A21  host  rocks 
comprise  granodioritic  to  tonalitic  granites,  and  resemble  regional  2615-2600  Ma  syn-  to  late- 
deformational  intrusive  suites  (Kjarsgaard  and  Wyllie,  1994).  The  granites  of  the  A154  and  A418 
area  contain  numerous  xenoliths  and  rafts  of  peraluminous  quartz  biotite  schist,  interpreted  as 
fragments  of  metamorphosed  Yellowknife  Supergroup  sediments.  At  least  four  suites  of  Proterozoic 
diabase  dykes  (up  to  12m  wide)  occur  in  the  region  (LeCheminant  and  van  Breemen,  1994),  and 
represent  the  last  intrusive  events  prior  to  the  emplacement  of  the  Diavik  kimberlites. 

The  kimberlite  diatremes  are  dominated  by  volcaniclastic  units.  These  include  pyroclastic  rocks 
comprising  tephra  derived  from  direct  airfall  and  pyroclastic  flow  mechanisms,  as  well  as  abundant 
units  resulting  from  debris  flow  return  of  unconsolidated  (tuff  ring)  tephra  and  crater  rim  xenolith 
materials.  The  pyroclastic  rocks  include  tuffs,  breccias  and  some  ‘welded’  tuffs,  whilst  debris  flows 
range  from  tephra  dominated  ‘kimberlite’  to  xenolith  material  dominated  mudflows  and  breccias. 
Units  range  in  scale  (cm  to  >15m),  and  occur  as  massive,  graded  and  bedded/laminated  lithologies. 
Progressive  enlargement  /  deepening  of  the  diatremes  with  successive  eruptions  has  resulted  in  the 
downward-stoping  of  the  volcaniclastic  pile,  and  superposition  of  younger  units  upon  the  earlier 
deposits.  Arcuate  micro-faults  downthrown  toward  pipe  centres,  as  well  as  the  deep  (>  400  m) 
presence  of  coniferous  woods  and  ubiquitous  volcaniclastic  autoliths  attest  to  the  downward 
migration  of  the  volcanic  pile.  Local  zones  of  chaotic  texture  and  more  prolific  alteration  are 
evidence  of  the  fluidisation  /  gas  streaming  effects  of  multiple  events.  Hypabyssal  kimberlite  is 
volumetrically  insignificant,  and  occurs  as  deep  magmatic  feeders  to  the  pipes  and  as  contact 
intrusions  along  the  pipe  margins.  Flow  differentiation  is  observed  in  some  cases,  and  a  1  m  wide 
‘vesicular’  dyke  has  been  intersected  north  of  A21.  No  classic  “tuffisitic”  kimberlite  types  (TK  or 
TKB,  sensu  Clement  and  Skinner,  1985  and  Mitchell,  1995)  have  been  recognised  in  the  Diavik 
occurrences. 

The  volcaniclastic  kimberlites  comprise  primary  magmatic  kimberlitic  minerals  and  their  relics, 
mantle  xenoliths  and  xenocrysts  and  crustal  xenoliths  (intact  and  disaggregated).  Olivine 
megacrysts  are  ubiquitos,  and  are  the  primary  indicator  of  sorting  and  grading  within  the 
volcaniclastic  pile.  The  magmatic  minerals  are  largely  altered  to  serpentine,  calcite  and  Mg- 
smectites;  phlogopite  and  perovskite  are  sufficiently  fresh  to  date.  Some  relict  olivine  phenocrysts 
and  possible  monticellite?  have  been  recognised  petrographically.  The  mantle  xenoliths  /  xenocrysts 
include  materials  of  both  eclogitic  and  peridotitic  parageneses,  as  well  as  some  phlogopite,  (garnet) 
and  ilmenite  megacrysts.  The  crustal  component  is  dominated  by  a  suite  of  xenoliths  which  derive 
from  Phanerozoic  platform  sediments  extant  in  the  region  during  kimberlite  emplacement. 
Dominated  by  mudrock  types  (with  rare  siltstones),  these  xenoliths  are  present  as  angular  (lithified) 
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to  soft  sediment,  plastically  deformed  mudclast  fragments.  The  xenoliths  appear  to  represent  an 
(apparently)  continuous  Cretaceous  stratigraphy  on  the  basis  of  palynologic  assemblages.  These 
mudrocks  frequently  comprise  a  disaggregated  matrix  to  the  debris  flow  derived  kimberlite  units 
and  contain  equivalent  palynologic  assemblages  to  the  xenoliths.  Unequivocal  discrimination  of  the 
xenolithic  and  kimberlitic  clays  requires  PIMA  or  XRD  analysis.  A  subordinate  crustal  xenolith 
component  includes  some  deep  granulite  /  eclogite  facies  xenoliths  and  the  more  common  variably 
altered  host  rock  granite,  schist  and  diabase  xenoliths  (generally  <  2%). 

The  described  broad  assemblages  are  found  in  various  proportions  in  each  of  the  kimberlites, 
though  in  various  proportions.  Some  peculiar  differences  are  observed  between  the  pipes,  for 
example  the  ‘magnetic’  unit  responsible  for  the  magnetic  character  of  A154  North.  Located  below 
approximately  160m  from  surface,  this  interval  is  composed  of  a  massive,  fresh,  medium  to  coarse¬ 
grained  and  vertically  extensive  kimberlite  ‘tuff.  The  magnetic  character  and  ‘welded’  nature  of 
the  unit  suggests  this  interval  of  the  kimberlite  remained  at  elevated  temperatures  for  a  period 
following  emplacement  (incomplete  adiabatic  cooling),  permitting  more  extensive  oxidation  during 
serpentinisation  of  olivine  and  resulting  in  the  formation  of  abundant  magnetite. 

Evaluation  of  the  four  project  kimberlites  has  included  campaigns  of  delineation  drilling  (from 
surface  and  underground),  grade  control  drilling  (‘mini-bulk’  samples)  and  underground 
development  for  the  acquisition  of  ‘bulk’  samples.  Delineation  drilling  has  provided  volume 
estimates  for  the  Diavik  pipes  to  a  depth  of  400  m  below  the  lake  surface.  Mini-bulk  sampling 
programs  have  comprised  large  diameter  core  drilling  (1995  -  1997,  >50  tonnes).  Underground 
bulk  sampling  acquired  +  10,000  carat  parcels  from  the  A 154  South  and  A418  kimberlites,  and  has 
allowed  characterisation  of  the  diamond  populations  with  respect  to  price.  The  estimated  resource 
for  the  Diavik  kimberlite  pipes,  based  upon  the  above  work  campaigns  and  recent  geologic 
modeling  is  summarized  in  Table  1.  Mine  construction  is  scheduled  to  begin  in  the  year  2000, 
subject  to  the  completion  of  a  feasibility  study  and  receipt  of  the  necessary  environmental  and 
regulatory  approval.  Mine  production  is  currently  scheduled  for  2001 . 


Table  1 :  Summary  of  Estimated  Resource 


Pipe 

Resource* 

Grade 

Price 

Value 

(Mt) 

(cpt) 

(US$/ct) 

(US$/t) 

A418 

8.9 

3.8 

58 

220 

A154S 

11.4 

4.6 

63 

290 

A154N 

11.5 

1.9 

35 

- 

A21 

5.5 

2.7 

38 

- 

♦Resource  to  mean  sea  level,  (approximately  415  m  below  lake  surface). 
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Introduction 

In  order  to  understand  better  the  role  of  the  continental  lithospheric  mantle  and  incompatible 
element  enrichment  processes  in  the  generation  of  alkaline  ultramafic  rocks  we  have  obtained 
Carius  tube/N-TIMS  Re-Os  isotopic  data  from  kimberlites,  melnoites,  oxide  macrocrysts  and 
lherzolite  xenoliths  from  the  Earaheedy  Basin,  Western  Australia.  We  have  previously 
demonstrated  that  marginal,  on-craton  Yilgarn  melnoites  and  picroilmenite  macrocrysts  have  a 
source  prehistory  coincident  with  metasomatism-accretion  of  fertile  lithospheric  mantle  during 
Proterozoic  orogenesis  (Graham  et  al.,  1996).  Re-Os  isotopic  data  from  ilmenite  megacrysts  and 
pyroxenite  xenoliths  from  South  African  kimberlites  (Olive  et  al.,  1997)  support  our  previous 
conclusions  that  younger  lithospheric  mantle  can  be  accreted  to  the  continental  lithospheric 
mantle  by  upper  mantle  incompatible  element  enriched  melts. 

Background  Geology 

The  northern  margin  of  the  Eastern  Goldfields  Province  is  defined  by  rock  sequences  of  the 
Earaheedy  Basin  (Fig.  1).  The  basin  is  one  of  the  structural  features  which  belong  to  the  2200  - 
1600  Ma  Capricorn  Orogen.  Basin  basement  rocks  are  probably  Archaean  Yilgarn  granitoid- 
greenstones  and  the  internal  structure  of  the  Capricorn  Orogen  is  interpreted  to  reflect  Pilbara- 
Yilgam  collision  which  resulted  in  basin  development  (Tyler  et  al.  in  press).  Three  alkaline 
ultramafic  provinces  of  different  ages  occur  within  and  near  the  Earaheedy  Basin.  Emplacement 
ages  range  from  -1900  -  1700  Ma  (Nabberu  kimberlites:  Shee  et  al.,  1996),  1329  ±  9  Ma  (Jewill 
kimberlites:  unpubl.  Rio  Tinto  K-Ar  phlogopite  data),  to  305  Ma  (Bulljah  melnoites:  Hamilton 
and  Rock,  1990,  SHRIMP  zircon). 

Geochemical  and  Isotopic  Results 

Whole  rock  kimberlite  and  melnoite  samples  are  enriched  in  LLLE,  HFSE  and  LREE,  consistent 
with  literature  data  for  alkaline  ultramafic  rocks.  The  Nabberu  kimberlite  has  a  flat  primitive 
mantle  normalised  PGE  pattern,  similar  to  continental  lithospheric  mantle  peridotites,  kimberlites 
and  orangites  (Fig.  2).  The  Bulljah  melnoite  has  a  fractionated  PGE  pattern,  similar  to  patterns 
observed  in  mantle  melts.  The  negative  Pd  anomaly,  a  feature  observed  in  all  melnoites  from  the 
Yilgarn  Craton,  may  result  from  fractionation  of  spinel  or  be  a  characteristic  of  Yilgarn  melnoite 
sources.  Re/Os  concentration  ratios  for  kimberlites  are  variable  and  range  from  0.035  to  0.138, 
while  Re/Os  ratios  for  the  melnoites  are  significantly  higher  (0.107  to  1.261)  indicating  a  higher 
degree  of  partial  melting  or  smaller  percentage  of  xenocrysts  than  the  kimberlites  (Fig.  3). 

Sm-Nd  isotopic  data  from  the  Nabberu  kimberlites  and  Bulljah  melnoite  provide  evidence  for  two 
distinct  sources.  The  Nabberu  kimberlites  have  an  unradiogenic  initial  £Nd  isotopic  composition 
(eNd =  -7)*  The  Bulljah  melnoite  also  has  an  unradiogenic  initial  isotopic  composition  (eNd  =  -20), 
but  is  radiogenic  at  1900  Ma.  Sm-Nd  TDM  model  ages  for  the  two  rock  types  also  show  distinct 
differences,  the  Nabberu  kimberlites  have  model  ages  of  -2700  Ma  while  the  melnoite  has  model 
age  of  2100  Ma.  Sm-Nd  isotopic  and  PGE  data  argue  strongly  against  a  genetic  link  between  the 
two  rock  types,  despite  their  incompatible  trace  element  affinities  and  close  spatial  association. 
Although  the  -2700  TDM  model  ages  from  the  Nabberu  kimberlite  are  similar  to  Marymia  Dome 
crustal  ages  contamination  is  discounted  as  alkaline  ultramafic  rocks  have  Sm  and  Nd 
concentrations  greater  than  average  crust.  The  data  may  therefore  be  representative  of  anomalous 
enriched  regions  of  continental  lithospheric  mantle  beneath  this  region. 

Re-Os  isotopic  data  for  the  three  provinces  reveal  an  interesting  and  significant  evolutionary 
history  for  the  source  regions  of  these  alkaline  ultramafic  rocks.  Whole  rock  data  for  kimberlite 
and  their  mantle  xenoliths  are  isochronous  (Fig.  4).  The  chondritic  initial  1870s/I880s  isotopic 
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ratio  of  0.1 159  and  the  2061  ±  248  Ma  age  are  consistent  with  the  active  margin  phase  of  Pilbara 
and  Yilgam  Cratori  accretion  (Tyler  and  Thome,  1990).  We  interpret  this  line  to  represent  a 
“mantle  isochron”,  because  the  isotopic  composition  of  kimberlites  can  be  dominated  by 
disaggregated  lithospheric  mantle  (Pearson  et.  al.,  1995).  Thus,  this  isochron  reveals  the  age  of 
the  shallow  mantle  beneath  the  Earaheedy  Basin. 

Re-Os  isotopic  data  for  whole  rocks  and  spinels  from  the  Bulljah  melnoite  yield  an  isochron  with 
an  age  of  1281  ±  115  Ma,  MSWD  =  13  (Fig.  5).  We  interpret  this  age  as  the  age  of  emplacement 
because  the  305  Ma  emplacement  age  was  determined  from  3  zircons  which  have  U  contents  far 
greater  (U  >100  ppm)  than  those  typical  alkaline  ultramafic  rocks,  also  the  Re-Os  age  is  within 
error  of  the  K-Ar  phlogopite  emplacement  age  of  the  Jewill  kimberlite.  The  sub-chondntic  initial 
1870s/1880s  for  the  isochron  is  inconsistent  with  the  near  chondntic  and  radiogenic  Os  isotopic 
ratios  observed  in  asthenospheric  and  plume  mantle  melts  respectively.  The  low  isochron  initial 
is  however  consistent  with  the  melnoites  being  the  melt  of  continental  lithospheric  mantle  that 
had  possessed  a  lower  Re/Os  ratio  than  the  asthenospheric  mantle  for  a  long  period  of  time.  The 
low  isochron  initial  1870s/1880s  will  allows  a  TRD  model  age  to  be  calculated.  This  model  age  will 
have  a  geological  meaning  only  if  it  approximates  the  lithospheric  mantle  source  of  the  melnoite 
and  if  the  source  was  devoid  of  Re  at  1281  Ma  The  initial  l870s/1880s  isotopic  composition  has 
a  calculated  Re-Os  TRD  minimum  Re  depletion  model  age  of  -2200  Ma,  within  error  of  the 
kimberlite  isochron  (Fig.  6).  The  melnoite  isochron  therefore  places  important  constraints  on  the 
nature  of  mantle  sources  for  alkaline  ultramafic  rocks  from  the  Earaheedy  Basin. 

The  lack  of  diamond  from  the  Bulljah  melnoite  is  consistent  with  a  larger  melt  component  in 
these  rocks  compared  to  diamondiferous  kimberlites  of  the  same  age  located  further  west.  The 
Re-Os  data,  in  contrast  to  the  Sm-Nd  and  PGE  data,  confirm  a  genetic  link  between  kimberlites 
and  melnoites.  Moreover,  the  data  show  that  it  is  highly  likely  that  both  rock  types  are  derived 
from  the  lithospheric  mantle  and  that  source  melting  must  be  achieved  through  processes  other 
than  simple  plume-continental  lithospheric  mantle  interaction. 

Conclusions 

Re-Os  and  Sm-Nd  isotopic  data  for  alkaline  ultramafic  rocks  from  the  Earaheedy  Basin  are 
consistent  with  accretion  of  new  lithospheric  mantle  during  orogenesis  (-2200  -  2000  Ma). 
Furthermore,  emplacement  ages  coincide  with  upper  crustal  basin  extension  (Nabberu  -1700  Ma; 
Bangemall  1400  -  1300  Ma).  Archaean  lithospheric  mantle  of  the  proto-Earaheedy  Basin  may 
have  been  extensively  thinned  and  replaced  by  accreted  melt  depleted  oceanic  lithospheric  mantle 
at  -2100  Ma.  Incompatible  element  enrichment  of  the  sources  also  occurred  at  this  time.  Re-Os 
isotopic  data  from  the  Bulljah  melnoite  suggest  a  genetic  relationship  between  the  kimberlites  and 
melnoite.  No  diamonds  are  found  in  association  with  the  melnoite  because  of  the  larger  degree  of 
partial  melting. 
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Figure  1 .  Earaheedy  Basin  Geology 
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Figure  3  Re-Os  mantle  array 


Figure  5.  Melnoite  isochron 
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Figure  6.  Bulljah  Os  evolution 
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Introduction 

In  order  to  constrain  the  age  of  the  continental  lithospheric  mantle  beneath  the  Kimberley  Block 
we  have  obtained  six  low-blank  Carius  tube  Re-Os  isotopic  analyses  for  oxide  xenocrysts, 
peridotite  xenoliths  and  diamondiferous  rocks  from  the  North  and  East  Kimberley  Provinces. 
Furthermore,  to  constrain  lithospheric  mantle  enrichment  events  we  have  obtained  Sm-Nd 
isotopic  data  for  lamproites  and  a  kimberlite  from  the  West  and  North  Kimberley  Provinces 
respectively. 

Regional  Geological  Setting 

The  oldest  rocks  exposed  on  the  Kimberley  Block  are  approximately  -1900  Ma.  The  block 
forms  part  of  the  1850  -  1700  Ma  North  Australian  Craton,  where  Archaean  rocks  are  exposed 
only  within  the  Pine  Creek  Inlier,  although  the  Kimberley  Block  is  assumed  to  contain  an 
Archaean  continental  lithospheric  mantle  root.  The  southern  and  eastern  margins  to  the 
Kimberley  Block  are  defined  by  the  1865-1850  Ma  Hooper  Orogeny,  a  subduction  orogen  which 
forms  the  basement  to  the  Halls  Creek  and  King  Leopold  Orogens.  At  -1200  Ma,  reactivation  of 
Hooper  Orogen  structural  lineaments  produced  northward  thrusting  in  the  King  Leopold  and 
Halls  Creek  Orogens  (Myers  et  al.,  1996). 

Four  major  suites  of  alkaline  ultramafic  intrusions  occur  on  and  near  the  Kimberley  Block  (Fig.  1). 
Emplacement  ages  range  from  -1200  Ma  to  -800  Ma  for  lamproites,  melnoites  and  kimberlites 
from  the  East,  Central  and  North  Kimberley  Provinces.  West  Kimberley  Province  lamproites 
have  emplacement  ages  of  -20  Ma. 

Geochemical  and  Isotopic  Results 

PGE  data  for  the  Seppelt  kimberlite,  Argyle  lamproite  and  Argyle  peridotite  xenoliths  are 
compared  to  on-  and  off-craton  kimberlites  from  southern  Africa  (McDonald  et  al.,  1995)  in 
Figure  2.  The  IPGE  are  slightly  fractionated  in  both  the  Seppelt  kimberlite  and  Argyle  lamproite 
compared  to  on-craton  kimberlites,  which  tend  to  have  a  flat  pattern  similar  to  the  Argyle 
pendotites.  Pd/Ir  ratios  for  all  the  Kimberley  samples  are  low  (0.9  -  1.8)  compared  to  other  low 
degree  partial  melts  (e.g.,  alkali  OIB  Pd/Ir  -5;  off-craton  kimberlites  Pd/Ir  >10),  but  similar  to  on- 
and  marginal  to  craton  kimberlites  from  South  Africa.  All  of  the  Kimberley  whole  rock  samples, 
as  well  as  xenocryst  chromites  from  Seppelt,  have  Re/Os  concentration  ratios  consistent  with  the 
mantle  restite  reservoir  (Figure  3).  Thus,  the  Re-Os  and  Pd/Ir  ratios  show  that  incorporation  of 
lithospheric  mantle  may  control  the  refractory  element  budget  of  kimberlites  and  lamproites. 

Sm-Nd  isotopic  data  for  the  Seppelt  kimberlite,  West  Kimberley  and  Argyle  lamproites  all  show 
evolution  of  the  source  in  a  low  Sm/Nd  (LREE  enriched)  environment  (Figure  4).  Recalculated  Nd 
isotopic  data  from  Jaques  et  al.  (1989)  yield  an  average  initial  eNd  value  of  -5.5  and  a  Tpiyi  model 
age  of -1950  Ma.  Sm-Nd  isotopic  data  from  the  Seppelt  kimberlite  yield  a  radiogenic  initial  eNd 
value  with  a  model  age  of  -1200  Ma.  The  West  Kimberley  lamproites  yield  unradiogenic  initial 
eNd  values  with  model  ages  of -1300  Ma.  Both  West  and  North  Kimberley  rocks  have  radiogenic 
1200  Ma  eNd  values,  showing  that  it  is  unlikely  that  these  rocks  have  the  same  source  as  each 
other  or  the  Argyle  lamproite. 

The  Argyle  lamproite  has  a  radiogenic  initial  Os  isotopic  composition,  a  feature  commonly 
observed  in  igneous  rocks  derived  from  Re  enriched  sources.  However,  superchondritic  Os 
isotopic  compositions  coupled  with  a  subchondritic  Re/Os  ratios  are  impossible  via  normal 
magmatic  processes.  Thus  the  Re/Os  ratio  appears  to  be  disturbed  in  this  sample,  potentially  as  a 
result  of  alteration.  Peridotite  xenoliths  from  the  Argyle  lamproite  have  subchondritic  Os 
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isotopic  compositions  at  lamproite  emplacement.  These  data  yield  TRD  model  ages  which  are 
younger  than  the  accepted  lamproite  emplacement  age.  The  best  continental  lithospheric  mantle 
age  estimate  from  Argyle  peridotite  xenoliths  is  2000±150  Ma  (Figure  5).  This  interpretation  is 
based  on  TCHur  model  age  results  and  assumes  the  xenoliths  have  remained  isotopically  closed 
during  and  after  emplacement.  If  the  xenoliths  have  gained  Re  during  emplacement  then  the 
source  would  be  considerably  younger  than  2000  Ma.  However,  the  consistency  of  xenolith  data 
suggests  the  TCHur  model  age  is  accurate,  and  may  represent  a  maximum  estimate. 

Xenocryst  llmenites  from  the  Maude  Creek  kimberlite  plot  within  the  mantle  melt  field  in  Figure 
3.  This  is  in  agreement  with  ilmenite  xenocrysts  representing  the  products  of  melts  ultimately 
derived  from  the  asthenospheric  mantle.  The  TCHur  model  age  of  -1500  Ma  is  similar  to  the 
Argyle  diamond  formation  event  (Burgess  et  al.,  1992;  Richardson,  1986).  The  proximity  of  the 
Maude  Creek  kimberlite  to  the  Argyle  lamproite  may  therefore  imply  metasomatism-melt 
addition  either  immediately  prior  to  or  contemporaneous  with  diamond  growth. 

The  Seppelt  kimberlite  has  a  low  Re/Os  concentration  ratio  with  a  subchondritic  initial  Os 
isotopic  composition.  The  Os  isotopic  data  also  yield  a  TRD  model  age  of  -1000  Ma  (Figure  6). 
The  calculated  TCHur  model  age  for  this  sample  does  not  intersect  the  Os  isotopic  mantle 
evolution  line,  probably  due  to  the  presence  of  Pb-sulphides  in  post  emplacement  veins  which 
suggest  interaction  with  a  crustal  fluid  and  Re  or  radiogenic  Os  addition.  Xenocryst  chromites 
from  the  kimberlite  have  a  subchondritic  Re/Os  concentration  ratio  and  initial  Os  isotopic 
composition.  TRD  and  TCHur  model  ages  for  the  chromites  are  1400  ±  150  Ma  and  2200  ±  200 
Ma,  respectively. 

Conclusions 

The  Sm-Nd  isotopic  data  may  preclude  melting  of  the  same  source  in  the  genesis  of  all  studied 
rocks.  West  and  North  Kimberley  Province  rocks  have  radiogenic  eNd  values  at  1200  Ma, 
inconsistent  with  the  evolved  isotopic  data  from  Argyle  lamproite  dykes  at  1200  Ma. 
Importantly,  the  lamproite  Sm-Nd  TDM  and  peridotite  Re-Os  TCHur  model  ages  are  internally 
consistent  (-2000  Ma).  The  isotopic  data  therefore  suggest  that  the  Argyle  lamproite  and 
peridotite  xenolith  sources  were  formed  during  the  Hooper  Orogeny.  These  results  clearly  show 
the  complexity  and  multi-stage  isotopic  history  of  the  continental  lithospheric  mantle  source(s)  of 
alkaline  ultramafic  magmatism.  We  believe  that  our  Re-Os  data  from  Seppelt  chromite  xenocrysts 
provide  the  best  Kimberley  Block  lithospheric  mantle  age  estimate,  i.e.  2200  ±200  Ma. 

The  superchondritic  Os  evolution  of  the  Maude  Creek  xenocryst  ilmenites  and  the  1500  Ma 
Tchur  model  age  suggest  that  ilmenite  crystallisation  can  precede  or  coincide  with  diamond 
growth.  The  data  presented  in  this  study  are  new  and  significant.  The  application  of  Re-Os 
isotopes  may  place  some  important  constraints  on  mantle  conditions  for  diamond  growth  and 
lead  to  the  development  of  regional  lithospheric  mantle  maps  which  may  discriminate  potential 
“mantle  root  friendly”  from  “mantle  root  destructive”  regions  based  on  xenocryst  Re-Os  isotopic 
compositions. 
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Petrogenesis  of  Cretaceous  kimberlites  from  the 
Paranatinga  region,  central  Brazil 
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The  Paranatinga  kimberlite  province  is  located  in  Mato  Grosso,  central  Brazil  (14°S,  54°W).  It  was 
emplaced  on  the  southern  margin  of  the  Amazonas  craton,  to  the  north  of  the  Parana  basin  and 
consists  of  approximately  forty  pipes,  distributed  over  an  area  of  -4,000  km2.  New  petrological  and 
geochemical  data  from  nine  of  these  intrusions  will  be  presented.  The  Brazilian  kimberlites 
analysed  to  date  are  isotopically  intermediate  between  Group  I  and  Group  II  South  African 
kimberlites,  possibly  reflecting  discrete  differences  in  their  genesis.  Further  analyses  are  required  to 
establish  whether  these  intermediate  isotopic  compositions  are  a  function  of  differing  post-genesis 
interaction,  or  a  fundamental  feature  of  their  source. 

The  Paranatinga  kimberlites  intrude  (I)  siltstones  and  sandstones  of  the  Upper  Proterozoic 
Diamantino  formation;  (ii)  basaltic  lavas,  similar  to  those  of  the  Triassic  Tapirapua  formation  and, 
(iii)  in  places,  the  basal  conglomerates  and  sandstones  of  the  Upper  Cretaceous  Parecis  Group. 
However,  they  rarely  outcrop  and  are  generally  buried  by  the  fine-grained  sands  and  silts  of  the 
Cambambe  formation  (which  forms  the  uppermost  unit  of  the  Parecis  group)  and  subsequent 
Quaternary  laterite  cover.  This  kimberlitic  magmatism  may  be  tentatively  related  to  the  basaltic 
magmatism  of  the  Poxoreu  Igneous  Province  (Gibson  et  al.,  1995),  which  occurs  in  the  Rio  das 
Mortes  rift,  some  120  km  to  the  south.  This  is  one  of  several  contemporaneous  igneous  provinces 
emplaced  around  the  northern  and  eastern  edges  of  the  Parana  basin  at  approximately  85  Ma,  which 
are  believed  to  be  associated  with  the  impact  of  the  Trindade  mantle  plume  under  this  area  (Gibson 
et  al.,  1995).  Reconstructions  of  the  plume  track  place  the  region  around  Paranatinga  on  the 
periphery  of  an  85  Ma,  approximately  1,000  km  in  diameter,  plume  head  (Gibson  et  al.,  1997). 
Therefore  it  may  be  suggested  that  this  kimberlitic  magmatism  was  caused  by  the  same  heating 
event  that  produced  the  basaltic  magmatism  in  the  Rio  das  Mortes  rift  where  the  thinner  lithosphere 
allowed  a  greater  degree  of  partial  melting  to  occur.  This  hypothesis  is  inconsistent  with  the  U-Pb 
zircon  age  of  121.1  Ma  obtained  by  Davis  (1978).  This  age  may  however  be  anomalously  old,  as 
other  zircon  ages  for  kimberlites  both  to  the  east  (Poqo  Verde,  Minas  Gerais)  and  west  (Pimenta 
Bueno,  Rondonia)  of  Paranatinga  range  from  80-90  Ma  (Gibson  et  al.,  1995).  It  has  also  been 
shown  that  kimberlitic  zircon  ages  may  not  necessarily  represent  the  actual  eruption  age  of  a  pipe 
(Kinny  et  al.,  1989). 

The  samples  described  here  were  selected  from  drillcores  and  drillchips  from  the  Universidade 
Federal  de  Mato  Grosso,  along  with  rocks  collected  in  the  field.  They  range  from  crater  to  diatreme 
facies  and  display  variable  amounts  of  alteration.  One  sample  contains  some  fresh  olivine 
megacrysts,  however  the  others  display  the  effects  of  intense  serpentinisation  and  carbonate 
replacement  due  to  post-eruption  hydrothermal  activity.  Despite  this  alteration,  the  original  textural 
features  of  many  samples  have  been  well-preserved.  Two  petrographically  distinct  kimberlite  types 
can  be  identified  in  this  region.  The  northernmost  samples  are  generally  diatreme  and  crater  facies 
kimberlite  breccias.  They  contain  megacrysts  of  variably  serpentinised,  rounded  olivine,  garnet 
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(often  surrounded  by  a  reaction  rim  of  phlogopite  or  green  chlorite),  ilmenite,  phlogopite  and  rare 
zircon  and  diopside.  These  are  set  in  a  fine-grained,  serpentinised  matrix,  with  some  patches  of 
carbonate.  All  of  the  samples  studied  also  contain  a  variable  proportion  of  sub-angular  crustal 
xenoliths;  either  basalts  and  /  or  siltstones  derived  from  the  Diamantino  formation.  The  xenoliths 
also  display  evidence  of  severe  alteration,  with  all  the  feldspar  (in  both  the  sediments  and  basalts) 
having  been  completely  replaced.  Some  crater  facies  tuffs  are  also  present,  with  rounded  2-5  mm 
lapilli,  composed  both  of  megacrysts  and  rounded  country  rock  fragments  in  a  fine-grained, 
serpentinised  matrix  containing  smaller,  often  broken  or  kinked,  crystals  of  garnet,  phlogopite  and 
ilmenite,  along  with  abundant  rounded  pseudomorphs  after  olivine. 

The  southernmost  sample  (Batovi  6)  is  another  diatreme  facies  breccia,  although  more  massive  in 
appearance  than  those  previously  described.  It  has  also  been  subjected  to  intense  serpentinisation, 
with  all  the  olivine  megacrysts  and  groundmass  phases  having  been  completely  replaced  by  a 
mixture  of  serpentine  and  carbonates.  The  other  megacrysts  present  include  garnet  (surrounded  by 
reddish-brown  reaction  rims),  ilmenite  and  rare  phlogopite  and  diopside.  The  matrix  contains 
abundant  small  perovskite  grains.  Xenoliths  of  basalt,  siltstone  and  rare  altered  garnet  Iherzolites 
are  also  present. 

The  whole-rock  geochemistry  of  the  kimberlites  reflects  the  petrographic  differences  described 
above.  The  major  element  geochemistry  of  all  the  samples  has  been  affected  both  by  alteration  and 
crustal  contamination.  Using  a  contamination  index  (Si02+Al203+Na20)  /  (2K20+Mg0)  values  of 
1.1  to  1.9  are  obtained,  with  an  average  of  1.4;  the  highest  values  being  recorded  in  the  crater  facies 
samples  and  the  lowest  in  the  more  consolidated,  diatreme  breccia  of  Batovi  6.  Contamination  and 
alteration,  have  a  much  lesser  effect  on  the  relative  abundances  of  incompatible  trace  elements. 


Figure  1:  Normalised  abundances  of  incompatible  trace  elements  in:  (a)  the  Batovi  6  kimberlite;  and  (b)  other  selected 
Paranatinga  kimberlites.  Examples  of  South  African  kimberlites  are  shown  for  comparison.  Normalisation  factors  from 
Thompson  et  al.  (1984). 


The  Batovi  6  kimberlite  displays  a  normalised  incompatible  trace  element  pattern  similar  to  that  of 
Group  I  micaceous  kimberlites  from  South  Africa.  Figure  1(a)  shows  a  comparison  with  a  sample 
from  the  Bellsbank  main  fissure  (data  from  Fesq  et  al.,  1975;  Kable  et  al.,  1975).  The  patterns  are 
generally  similar,  with  peaks  in  Ti  and  Ta  in  Batovi  6  being  related  to  a  greater  proportion  of 
ilmenite.  Light  rare  earth  elements  (LREE)  show  a  strong  enrichment  compared  with  the  heavy  rare 
earth  elements  (HREE)  in  this  sample,  with  (Ce/Yb)N  =  65.8.  This  enrichment  is  reflected  in  the 
presence  of  abundant  perovskite  in  the  groundmass,  which  may  fractionate  the  LREE  from  the 
HREE,  thus  affecting  the  whole  rock  geochemistry.  Figure  1  (b)  shows  the  different  incompatible 
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trace  element  patterns  displayed  by  the  Paranatinga  kimberlites.  Due  to  the  increased  amounts  of 
crustal  material  assimilated  by  these  samples  and  the  different  mineral  phases  present,  there  are 
considerable  differences  in  their  normalised  multi-element  patterns.  These  show  similarities  with 
other  highly  brecciated,  crustally  contaminated  samples,  such  as  the  "grey"  kimberlite  from  the 
Premier  diatreme.  The  higher  abundances  of  Zr  and  Hf  in  the  Premier  sample  may  be  linked  to  the 
assimilation  of  zircons  from  the  country  rock.  The  much  lower  average  (Ce/Yb)N  values  of  13.8 
maybe  due  to  the  diluting  effects  of  country  rock  addition. 

The  kimberlites  of  the  Paranatinga  region  show  significant  differences,  both  in  their  petrology  and 
geochemistry,  from  those  of  the  Alto  Paranafba  igneous  province  (e.g.  Tres  Ranchos),  although  they 
are  thought  to  have  been  formed  contemporaneously,  by  the  impact  of  the  Trindade  mantle  plume 
under  central  Brazil  ~85  Ma  (Gibson  et  al.,  1995,  1997).  The  Batovi  6  kimberlite  is  characterised 
by  87Sr/86Sr85  Ma=  0.70364  and  eNd85  Ma  =  0.94.  On  a  conventional  Sr-Nd  isotope  diagram  this 
kimberlite  falls  between  the  field  of  Group  1  South  African  kimberlites  (Smith  et  al.,  1985)  and  the 
more  isotopically  enriched  Tres  Ranchos  kimberlite  (87Sr/86Sr85  Ma  =  0.704658  and  eNd85  Ma  -  - 
4.22).  The  displacement  of  the  Paranatinga  kimberlites  from  the  field  of  magmas  believed  to  have 
been  generated  from  within  the  Trindade  mantle  plume,  such  as  the  Ilha  da  Trindade  basanites, 
(Halliday  et  al,  1992)  and  the  Poxoreu  basalts  (Gibson  et  al.,  1997),  supports  the  concept  of  a 
contribution  by  lithospheric  mantle-derived  melts.  The  isotopic  differences  between  the  Brazilian 
kimberlites  indicate  varying  styles  of  metasomatic  enrichment  of  the  sub-continental  lithospheric 
mantle  beneath  the  Amazonas  and  Sao  Francisco  cratons.  The  kimberlites  appear  to  have  interacted 
with  compositionally  different  lithospheric  melts.  Their  different  trace  element  patterns,  Sr-  and 
Nd-isotopic  ratios,  suggest  that  heterogeneous  lithospheric  mantle  metasomatism  has  occurred 
within  these  Brazilian  cratons. 

Improved  understanding  of  the  nature  of  the  Paranatinga  and  Tres  Ranchos  kimberlites  should  help 
to  shed  some  light  on  the  long-standing  problem  of  the  origin  of  alluvial  diamond  deposits  in  Brazil, 
and  the  petrogenesis  of  worldwide  kimberlite  magmas. 
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Xenoliths  and  heavy  mineral  concentrates  (>1500  garnets  and  chromites  from  21  kimberlite 
intrusions)  were  used  to  map  the  composition,  structure  and  thermal  state  of  the  lithospheric  mantle 
beneath  the  Lac  de  Gras  area.  P-T  estimates  for  xenoliths  from  the  A 154  pipe,  combined  with  those 
of  Boyd  and  Canil  (1997)  for  the  Grizzly  pipe,  define  a  geotherm  that  is  close  to  or  below  a  35 
mW/m2  conductive  model  geotherm  for  temperatures  <900  °C,  and  close  to  a  38  mW/m2  model  at  T 
>900  °C  (Pearson  et  al.,  this  volume).  P-T  estimates  based  on  garnet  and  chromite  concentrates 
(Ryan  et  al.,  1996)  define  a  similar  stepped  geotherm  (Fig.  1),  which  may  separate  two  layers  with 
different  conductivity.  High-T  sheared  xenoliths  are  present,  but  do  not  define  a  “kink”  in  the 
geotherm. 

A  boundary  between  two  layers  of  the 
lithospheric  mantle  is  well  defined  by  plots  of 
trace-  and  major-element  data  vs  Nickel 
Temperature  (T^)  for  concentrate  garnets 
(Fig.  2).  Projection  of  the  temperature  of  this 
boundary  to  the  geotherm  derived  from 
xenoliths  and  concentrates  places  it  at  a  depth 
of  15Q±1Q  km  beneath  the  Lac  de  Gras  area. 
Both  harzburgitic  and  Iherzolitic  garnets  from 
the  shallower  layer  have  extremely  low  levels 
of  Y,  Zr,  Ti  and  Ga.  The  median  contents  of 
these  elements  (Ti,  380  ppm;  Y,  1.5  ppm;  Ga, 
4  ppm,  Zr,  5  ppm)  are  lower  than  90%  of  the 
values  found  in  garnets  from  Archean  cratons 
worldwide  (Griffin  et  al.,  1998),  indicating 
that  this  layer  is  ultradepleted.  The  garnets  of 
the  deeper  layer  are  more  typical  of  Archean 
garnets  worldwide  (median  Ti,  1800  ppm;  Y, 
8  ppm;  Ga,  8  ppm,  Zr,  33  ppm),  and  depleted 
compositions  like  those  of  the  shallower 
ultradepleted  layer  are  rare  in  the  deeper  layer. 
A  small  population  of  garnets  with  Ti-Zr- Y  rich  signatures  characteristic  of  high-T  sheared  xenoliths 
suggests  that  the  base  of  the  (chemically  defined)  lithosphere  has  TNi  =  1200-1250  °C, 
corresponding  to  200-220  km  beneath  the  central  part  of  the  Lac  de  Gras  area. 

Garnet  and  chromite  data  and  available  xenoliths  indicate  that  the  shallower  layer  consists  of 
approximately  60%  harzburgite  and  40%  lherzolite,  both  with  similar  olivine  compositions  (mean 
Fo=92.7).  At  depths  shallower  than  100  km,  garnet  disappears  and  the  Al-Cr  phase  is  spinel.  The 
deeper  layer  of  the  lithospheric  mantle  contains  <17%  harzburgite,  and  most  of  this  is  concentrated 
in  the  upper  part  of  this  layer  (Fig.  2);  mean  olivine  composition  is  Fo=91.5.  T  estimates  on 
xenoliths  indicate  that  all  eclogites  are  derived  from  the  deeper  layer,  but  are  bimodally  distributed 
with  Al-rich  compositions  near  the  bottom  of  the  layer,  and  Al-poor  compositions  near  the  top 
(Pearson  et  al.,  this  vol.). 

The  two-layered  lithospheric  structure  has  been  mapped  in  detail  over  an  area  ca  60x30  km 
around  Lac  de  Gras,  and  is  consistent  from  pipe  to  pipe.  The  wider  lateral  extent  of  this  structure 
(Fig.  3)  has  been  mapped  using  concentrates  from  outlying  pipes,  including  the  Ranch  Lake  pipe  to 
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Fig.  1.  P-T  plot  for  garnet  xenocrysts 
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the  north,  the 
Cross  Lake  cluster 
to  the  SW,  the 
Drybones  pipe 
near  Yellowknife, 
and  isolated 

exploration 
samples.  Limited 
data  from  pipes 
A44  and  PL01 
indicate  that  the 
two-layer  structure 
extends  at  least  50 
km  E  and  NE 

TNi(°C)  TNi(°C)  from  Lac  de  Gras. 

Fig.  2.  Y  and  Zr  vs  TNi  for  garnets,  showing  the  two  lithosphere  layers,  and  This  structure  also 
the  LAB  boundary.  Symbols  as  in  Fig.  1  is  well-defined 

beneath  the  Ranch 
Lake  pipe,  ca  80 

km  NW  of  Lac  de  Gras,  where  the  boundary  is  at  ca  140  km  depth.  However,  at  Ranch  Lake  the 
base  of  the  (chemically  defined)  lithosphere  has  shallowed  to  ca  170  km,  and  the  proportion  of 
harzburgite  in  both  the  shallower  and  deeper  layer  has  decreased. 

Concentrate  garnets  from  the  Camsell  Lake  area,  100  km  S  of  Lac  de  Gras  (Pokhilenko  et 
al.,  1997)  do  not  include  the  population  of  low-Ca,  moderate-Cr  harzburgitic  garnets  that 
characterises  the  shallow  layer  beneath  Lac  de  Gras.  The  range  of  FeO  contents  in  the  Camsell  Lake 
garnets  also  requires  relatively  fertile  lherzolitic  material  at  shallow  depth,  and  the  proportion  of  G10 
garnets  in  the  concentrate  is  15-17%,  as  in  the  deeper  layer  beneath  Lac  de  Gras.  The  distribution  of 
CaO  contents  in  low-Cr  garnets  also  is  bimodal  at  Camsell  Lake,  as  in  the  deeper  layer  at  Lac  de 
Gras.  These  data  suggest  that  the  shallow  ultradepleted  layer  is  absent,  or  is  <  100  km  thick,  in  the 
southern  part  of  the  craton,  and  that  most  of  the  lithospheric  mantle  consists  of  material  similar  to  the 
deeper  layer  beneath  Lac  de  Gras. 

Ultramafic  xenoliths  from  the  Jericho  pipe,  ca.  80  km  N  of  Ranch  Lake,  are  lherzolitic,  with 
relatively  low-Cr  garnets  (Kopylova  et  al.,this  vol.).  The  TNi  distribution  of  Cr,  Zr  and  Y  contents 
of  garnet  shows  that  the  shallow  ultra-  depleted  layer  is  absent,  and  the  stratigraphy  and  garnet 
composition  are  characteristic  of  Proterozoic,  rather  than  Archean,  mantle  (Griffin  et  al.,  1998). 
This  suggests  a  major  boundary  in  the  lithospheric  mantle,  which  may  correspond  to  the  position  of 
the  Proterozoic  Kilohigok  Basin. 

Concentrate  garnets  from  the  pipes  of  the  Cross  Lake  cluster  define  a  38  mW/m2  geotherm 
similar  to  that  in  the  deeper  layer  of  the  Lac  de  Gras  section,  but  without  any  step;  the  base  of  the 
lithosphere  lies  at  ca  180  km.  The  ultradepleted  upper  layer  is  absent,  or  <100  km  thick;  the  depth 
range  100-140  km  is  occupied  almost  entirely  by  moderately  depleted  lherzolites.  The  analysed 
section  contains  ca  16%  harzburgite  (as  defined  by  “G10”  garnets),  concentrated  in  the  depth  range 
140-160  km,  and  the  median  garnet  Cr,  Zr  and  Y  contents  are  similar  to  those  of  the  deeper  layer 
beneath  Lac  de  Gras.  High-Ca  eclogitic  garnets  are  present,  but  the  bimodal  distribution  seen  in  the 
Lac  de  Gras  sections  is  not  evident. 

Peridotitic  garnets  from  the  Drybones  pipe  on  the  SW  margin  of  the  craton  are  derived 
entirely  from  <140  km  depth,  and  are  are  lherzolitic,  with  a  median  Cr203  content  of  ca  5%.  Many 
garnets  from  depths  <130  km  are  depleted  in  Zr  and  Y,  but  the  lack  of  harzburgitic  garnets  in  this 
layer  distinguishes  it  from  the  mantle  at  similar  depths  beneath  Lac  de  Gras.  This  section  is  most 
typical  of  Proterozoic,  rather  than  Archean,  lithospheric  mantle. 

The  shallow,  ultradepleted  layer  of  the  lithospheric  mantle  has  been  mapped  over  an  area  of 
at  least  18,000  km2  centred  on  Lac  de  Gras  (Fig.  3).  It  appears  to  be  absent,  or  <100  km  thick, 
beneath  the  SE  part  of  the  craton,  and  apparently  does  not  cross  the  Sleepy  Dragon  Belt  to  the  Cross 
Lake  area.  The  deeper  layer  appears  to  extend  further,  rising  to  depths  <120  km  beneath  the 
Camsell  Lake  and  Cross  Lake  areas.  The  shallow  layer  is  interpreted  as  lithosphere  formed  in  a 
convergent-margin  setting,  analogous  to  modem  depleted  sub-arc  mantle,  during  the  2.75-2.6  Ga 
accretion  of  the  eastern  part  of  the  Slave  craton  to  the  existing  continental  nucleus  of  the  western 
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Fig.  3.  Terrane  map  of  Slave  Craton,  showing  minimum 
extent  of  the  shallow  ultradepleted  layer  (dark  shading)  and 
of  the  deeper  less  depleted  layer  (light  shading).  I,  Anton 
Terrane  (ancient  continental  core);  IA,  Sleepy  Dragon 
domain;  II,  Hackett  River  Terrane  (island  arcs);  II A, 
Contwoyto  Terrane  (accretionary  prism);  IIB,  Beechy  Lake 
domain;  III,  passive  margins,  Kilohigok  Basin  (Proterozoic 
cover);  IV,  Proterozoic  mobile  belt. 


part.  The  deeper  layer  of  the 
lithospheric  mantle  contains 
many  diamonds  (-25%  of  the 
population)  with  the  ultradeep 
ferropericlase-Mg-perovskite 
assemblage  (Davies  et  al.,  this 
volume),  many  eclogitic 
diamonds  with  very  low  3'3C, 
and  kyanite  eclogite  xenoliths 
with  anorthositic-troctolitic 
compositions  (Pearson  et  al., 
this  volume),  suggesting  a 
component  of  recycled  crustal 
material.  This  deeper  layer  is 
interpreted  as  the  head  of  a 
plume  or  diapir,  incorporating 
both  moderately  depleted 
mantle  and  subducted  crustal 
material,  that  has  risen  from 
>650  km  depth  to  accrete  onto 
the  base  of  the  craton.  The 
pre-existing  lithosphere  was  ca 
150  km  thick  and  ultradepleted 
beneath  the  centre  of  the  craton 
(Fig.  3),  but  thinner  and/or 
less  refractory  to  the  S  and 
SW.  This  mantle-underplating 
event  may  be  related  to  the 
widespread  post-orogenic 
(2. 5 -2. 6  Ga)  granitoid 
magmatism  in  the  Slave 
Province,  and  heat  from  this 
event  may  have  caused  further 
depletion  of  the  shallow  layer 
where  it  was  present. 


The  apparently  Proterozoic  lithospheric  mantle  beneath  the  Jericho  pipe  may  represent  older 
lithosphere  reworked  during  the  Mackenzie  plume  event  (1.27  Ga);  similar  mantle  is  reflected  in 
garnet  concentrates  from  kimberlites  on  Victoria  Island,  closer  to  the  plume  focus  (this  work). 
Alternatively,  it  may  have  been  generated  during  rifting  processes  that  led  to  the  formation  of  the 
Proterozoic  Kilohigok  Basin.  The  mantle  sampled  by  the  Drybones  pipe  on  the  SW  comer  of  the 
craton  is  not  typically  Archean;  it  may  have  been  reworked  or  replaced  during  Proterozoic 
subduction  from  the  west,  or  during  transcurrent  movement  along  the  major  MacDonald  Fault. 
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Alluvial  diamonds  with  no  obvious  sources  (“headless  placers”)  are  found  in  several  areas  of 
Australasia,  including  Myanmar,  southern  Thailand  (Phuket),  Sumatra,  Kalimantan  and  eastern 
Australia  (Fig.  1).  These  deposits  occur  in  relatively  young  geological  terrains,  in  contrast  to  the 
Archean  or  Proterozoic  terrains  that  host  most  primary  diamond  deposits  and  their  associated  alluvial 


Fig.  1.  Distribution  of  alluvial  diamonds  in  SE  Asia. 
Sibumasu  terrane  outlined  by  thick  dashed  line. 

Inset:  Permian  plate  reconstruction,  showing  location  of 
Sibumasu  (S)  and  Western  Burma  (WB)  terranes  adjacent  to 
NW  Australia. 


Significant  quantities  of  diamonds 
have  been  recovered  from  two  areas  in 
Myanmar,  Momeik  in  the  northern  part 
of  the  country,  and  Theindaw  in  the 
southern  part,  and  from  the  Phuket- 
Takuapa  area  of  SW  Thailand. 
Smaller  quantities  have  been  found  in 
several  other  localities,  notably  in  the 
Taungoo-Htantabin  area  of  Myanmar. 
The  Momeik  diamonds  are  recovered 
during  mining  of  gemstone  gravels;  the 
Theindaw  and  Phuket  diamonds  are 
by-products  of  tin  dredging.  To 
understand  the  origin  of  these 
enigmatic  diamonds  and  to  provide  an 
improved  exploration  model,  we  are 
carrying  out  detailed  studies  of  the 
morphology,  mineral  inclusions, 
internal  growth  structures  and  growth 
history,  nitrogen  concentration  and 
aggregation  state,  and  carbon  isotopic 
composition  of  diamonds  from 
Myanmar,  Thailand  and  eastern 
Australia..  We  have  examined  >40 
stones  from  Phuket,  >110  from 
Theindaw  and  >25  from  Momeik; 
these  range  in  size  from  <0.1  ct  to  3.5 
ct,  averaging  ca  0.2  ct.  While  there  are 
differences  among  the  samples  from 
different  areas,  the  small  sample  size 
means  these  may  not  be  representative, 
and  the  similarities  among  the  samples 
are  striking.  They  are  therefore 
described  together  here.  More  detailed 
data  are  given  by  Win  et  al.  (1998)  and 
Wathanakul  et  al.  (1998). 
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Physical  Features 

Most  of  the  diamonds  from  both  Myanmar  and  Thailand  have  rounded  forms  and  smooth, 
often  glossy  surfaces;  octahedral  stones  with  planar  faces  are  rare.  Approximately  90%  of  the  stones 
from  all  areas  fall  in  resorption  categories  1  or  2  (dodecahedral  or  tetrahexahedroidal)  of  McCallum  et 
al.  (1994).  Fewer  than  10%  of  the  stones  retain  traces  of  octahadral  form  (categories  3  to  4);  10-25% 
of  the  sample  consists  of  twinned  crystals,  including  flattened  macles  which  now  are  heavily 
resorbed.  Studies  of  internal  structure  by  UV  photoluminescence,  cathodoluminescence  (CL)  and 
birefringence  reveal  octahedral  growth  zoning  in  most  diamonds.  This  shows  that  the  present 
strongly  rounded  forms  are  secondary,  and  reflect  resorption  of  the  diamonds  at  high  temperature, 
probably  in  the  host  magma.  This  resorption  has  removed  25-60%  of  the  original  mass  of  most 
stones,  and  produced  a  wide  range  of  surface  microstructures  visible  in  SEM  images.  Lamination 
lines,  reflecting  plastic  deformation,  occur  on  ca  70  %  of  the  Myanmar  stones  and  80%  of  the  Phuket 
stones  examined;  more  than  one  set  is  commonly  present.  Aside  from  lamination  lines,  the  most 
common  surface  features  are  shield-shapped  laminae,  followed  by  hillocks,  etch  pits  and  rare  trigons. 
>50%  of  the  stones  have  striking  glossy  surfaces,  which  appear  smooth  even  at  high  magnification  in 
the  SEM.  Features  reflecting  corrosion  in  near-surface  environments  include  corrosion  pits  and  ruts. 
Abrasion  during  alluvial  transport  is  reflected  in  a  high  proportion  of  broken  stones,  abundant 
percussion  scars  and  frosted  edges,  and  rhombic  cracking.  Brown  (rarely  green)  spots,  probably 
caused  by  radiation  from  nearby  U,Th-rich  minerals,  occur  on  45%  of  the  stones  examined.  These 
spots,  and  others  not  seen  in  ordinary  light  microscopy,  appear  on  CL  images  as  black  spots  fringed 
with  yellow;  ca  60%  of  the  Myanmar  stones,  and  70%  of  the  Thai  stones  studied  show  this  feature. 

Some  stones  are  colourless,  but  most  range  from  yellow  through  brown  (the  dominant  colour) 
to  deep  reddish-brown  (cognac);  rare  pink  stones  are  known,  especially  from  the  Phuket  area.  The 
brown  colours,  in  particular,  are  associated  with  plastic  deformation,  seen  as  lamination  lines  on 
resorbed  surfaces.  Many  stones  thus  show  a  characteristic  oscillatory  blue-yellow  CL  pattern,  and  a 
high  proportion  show  strong  yellow  CL  colours.  This  yellow  colour  also  is  seen  along  deformation 
planes,  and  appears  to  be  responsible  for  the  yellow  CL  colour  of  nitrogen-rich  zones  within  the 
diamonds.  Most  diamonds  show  blue  or  yellow  luminescence  under  UV  light,  and  several  show  blue 
cores  and  yellow  rims.  This  latter  feature,  and  the  yellow  or  yellow-blue  oscillatory  CL  pattern,  are 
uncommon  in  kimberlitic  diamonds  but  have  been  observed  in  stones  from  the  Argyle  lamproite  in 
NW  Australia. 


Chemical  Features 


Studies  of  syngenetic  mineral  inclusions  are  in  progress;  those  identified  thus  far  are  mainly  of 
the  peridotitic  paragenesis,  and  include  olivine,  chromite,  Cr-pyrope  and  native  iron.  Infra-red 

spectroscopy  (FTIR) 
studies  show  that  ca 
15%  of  the  Theindaw 
diamonds  have  very 
low  N  contents  (Type 
II  diamonds);  one 
Type  II  diamond  has 
been  found  in  the 
Phuket  samples  and 
one  at  Momeik.  In 
the  other  stones,  N 
contents  range  up  to 
>1000  ppm,  and 
average  ca  500  ppm. 
Nitrogen  aggregation 
to  Types  laB  ranges 
between  10%  and 
.  w  80%  and  averages  ca 

Carbon-isotopic  composition  of  diamonds  from  Myanmar  30%.  In  general 

and  Thailand,  compared  to  diamonds  from  Argyle  and  eastern  aggregation  state  and 

Australia  (Davies  et  al.,  this  volume). 


Fig.  2. 
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N  content  are  positively  correlated,  but  the  correlation  is  poor.  Many  stones  with  high  aggregation 
states,  including  many  with  low  N  contents,  show  extensive  plastic  deformation,  which  is  believed  to 
have  enhanced  the  rate  of  aggregation. 

Carbon  isotope  compositions  of  37  Myanmar  and  Thailand  diamonds  show  a  distribution 
similar  to  other  diamonds  worldwide.  All  values  of  313C  from  Phuket  fall  between  -3  and  -7  %©. 
Most  of  the  data  from  Myanmar  also  fall  in  this  peak,  but  3  values  spread  from  -7  to  -11  %0,  and  3 
from  -17  to  -22  %o.  This  pattern  is  distinct  from  that  of  Argyle  diamonds,  which  show  a  major  peak 
between  -8  and  -13  %o,  and  from  that  of  morphologically  similar  diamonds  from  eastern  Australia 
(Davies  et  al.,  this  volume). 

Possible  Origin(s)  of  the  diamonds  from  Myanmar  and  Thailand 

Our  data  indicate  that  the  Myanmar  and  Thailand  diamonds  are  derived  from  "normal"  mantle 
sources,  and  probably  were  brought  to  the  surface  by  kimberlitic  or  lamproitic  magmas.  They  are  not 
derived  from  metamorphic  rocks,  and  there  is  no  evidence  for  a  relation  to  subduction  processes. 
The  high  incidence  of  plastic  deformation,  yellow-blue  oscillatory  CL  and  "reversed"  UV  zonation,  as 
well  as  the  highly  polished  resorbed  surfaces,  are  more  characteristic  of  diamonds  from  lamproitic 
sources,  rather  than  kimberlitic  sources.  Features  of  breakage,  surface  wear  and  abundance  of 
radiation-damage  spots  attest  to  long  periods  of  residence  in  alluvial  systems. 

The  Myanmar-Thailand-Sumatra  alluvial  diamond  localities  lie  within  the  Sibumasu  terrane 
(Metcalfe,  1996).  Paleogeographic  reconstructions  (Fig.  1)  suggest  that  the  terrane  was  detached 
from  NW  Australia  in  Mesozoic  time,  and  drifted  northward  to  become  part  of  SE  Asia.  Its  original 
location  lay  west  of  the  Kimberley  region  with  its  known  diamond  deposits.  This  region  was 
glaciated  in  Permian  time,  and  Permian  glacial  sediments  are  found  from  Sumatra  to  northern 
Myanmar,  especially  in  connection  with  the  Phuket  and  Theindaw  diamond  occurrences.  We  suggest 
that  the  Myanmar-Thailand  diamonds  are  derived  from  primary  sources  on  the  Australian  continent,  or 
in  the  Western  Burma  terrane  while  it  was  still  a  part  of  that  continent,  and  secondarily  from  the 
Permian  glacial  sediments.  However,  we  cannot  exclude  derivation  from  primary  (lamproitic?) 
sources  within  the  transported  terrane.  The  Kalimantan  diamonds  he  in  another  terrane  with  a 
different  origin;  like  the  E.  Australian  diamonds,  they  may  be  directly  or  indirectly  related  to 
subduction  processes  (Griffin  et  al.,  1998). 
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Garnets  that  occur  in  mantle  peridotites  are  particularly  useful  to  earth  scientists  because  their 
Cr203-Ca0  chemistries  monitor  the  presence  or  absence  of  coexisting  pyroxenes  (Sobolev  et  al., 
1973)  and  reflect  P-T  conditions  when  spinel-saturated  (Malinovsky  and  Doroshev,  1977).  Their 
resistant  nature  and  diamond-associated  subcalcic  chemistry  (Gurney  and  Switzer,  1973)  has 
ensured  extensive  use  of  garnet  Cr203-Ca0  chemistry  in  exploration  for  primary  diamond  deposits. 
The  observation  that  garnet  chemistry  reflects  P-T-X  conditions  so  sensitively  may  be  attributed  to 
the  unique  character  and  wide  P-T  stability  of  garnet  solid  solutions  which  are  thus  well  placed  to 
exploit  the  bulk  compositional  variability  that  exists  for  CaO,  Cr203/Al203,  MgO/FeO  and  Ti02  in 
peridotites.  Since  these  elements  and  ratios  are  significantly  affected  by  melt-depletion  (and  melt- 
metasomatism),  it  follows  that  garnet  chemistries  may  be  used  as  tracers  of  such  processes. 

Inspection  of  Cr203-Ca0  plots  representing  >106  peridotitic  garnet  xenocrysts  derived  from  world¬ 
wide  kimberlites,  lamproites  and  related  rocks  shows  that  three  basic  types  of  residual  mantle 
chemistries  may  be  generated  by  melt-depletion  processes  which  act  on  a  (conceptual)  starting 
garnet  composition  of  ~  1%  Cr203,  5%  CaO  as  found  in  fertile  peridotite: 

•  Lherzolitic  (L-type)  mantles  contain  no,  or  very  few,  subcalcic  garnets.  Their  garnet 
chemistries  can  reach  very  high  Cr203  contents  (up  to  16  or  18  %  Cr203),  but  are  constrained  to 
increasing  CaO  values  by  clinopyroxene  saturation  (Fig.  la).  The  observation  that  these 
mantles  have  not  encountered  "cpx-out"  during  melting  indicates  that  they  have  experienced 
less  than  20  to  25%  melt  extraction  (Takahashi  et  al.,  1993). 

•  Harzburgitic  (H-type)  mantles  have  low  to  very  high  Cr203  garnets  similar  to  those  of  L-type 
mantles,  but  typically  contain  up  to  ~  20%  subcalcic  garnets  which,  however,  do  not  have  CaO 
<  1.8%  (Fig.  lb).  Examples  from  the  Shandong,  Mali,  Botswana,  Kuruman  and  Mbuji-Mayi 
kimberlite  provinces  indicate  that  garnet  chemistries  are  constrained  to  Cr203  <  1  l*CaO  -  14.6 
(roughly  CaO  >  1.8%),  and  it  is  tempting  to  insert  a  notional  "opx-out"  divide  at  CaO  =  1.8%. 
The  notion  arises  from  the  refractory  nature  and  high  modal  olivine  contents  reported  for 
megacrystalline  dunite  xenoliths  from  Siberia  (Pokhilenko  et  al.,  1991),  but  in  detail  it  is 
inconsistent  with  the  presence  of  modal  orthopyroxene  in  many  harzburgite  xenoliths  that 
contain  garnets  with  CaO  <  1.8  wt%.  The  ~  1.8  wt%  CaO  divide  is  however  very  close  to 
"high-sodium  cpx-out"  in  garnet  peridotites  as  defined  by  Sobolev  et  al.  (1973),  suggesting  that 
it  may  well  form  a  distinctive  petrologic  divide. 

•  Dunitic  (D-type)  mantles  are  typified  by  abundant  subcalcic  garnets,  locally  forming  up  to  40% 
of  the  garnet  concentrate.  Examples  from  the  Kimberley  area,  Udachnaya  and  the  central  Slave 
kimberlite  provinces  have  the  distinctive  characteristics  that  Cr203  rarely  exceeds  13  wt%  for 
lherzolitic  or  subcalcic  grains,  while  the  subcalcic  grains  cross  the  -  1.8%  CaO  divide  to  much 
lower  CaO  values  (Fig.  lc).  Such  CaO-poor  garnets  most  likely  represent  extremely  refractory 
dunite  xenolith  bulk  compositions  which  can  be  generated  from  fertile  peridotite  by  >  50%  melt 
extraction  (e.g.  Fig.  1  in  Pearson  et  al.,  1995). 
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Figure  Id  is  a  schematic  summary  of  the  melt-depletion  arrays  that  give  rise  to  L-,  H-  and  D-type 
mantle  chemistries.  It  is  noted  that  progressive  depletion  is  characterised  by  increased  Cr203, 
followed  by  decreased  CaO,  such  that  the  angle  TAN'1(Cr203/Ca0)  may  be  used  as  a  measure  of  the 
extent  of  depletion.  A  variety  of  garnet  major-  and  trace-element  parameters  for  concentrate  garnets 
from  kimberlites  that  straddle  the  southwestern  Kaapvaal  craton  boundary  are  plotted  against  this 
measure  of  depletion  in  Fig.  2,  from  which  stem  the  following  observations: 

•  Garnet  Mg-numbers  (=Mg/[Mg+Fe])  increase  with  ATAN(Cr203/Ca0)  at  a  slope  that  is 
significantly  steeper  than  calculated  for  Ca-Mg-Fe  crystal  chemical  effects  at  constant  P,  T  and 
olivine  forsterite  contents  (using  O'Neill  and  Wood,  1979).  The  garnet  Mg-numbers  thus  record 
depletion  events  (which  are  equivalent  to  changes  in  olivine  composition  of  Fo90  to  Fo95). 

•  FeO  in  garnet  is  a  mirror  image  of  the  Mg-number  trend,  as  expected  (not  illustrated). 

•  Yttrium  in  garnet  reflects  melt-depletion  quite  sensitively,  but  occasionally  shows  values 
indicative  of  melt-metasomatic  interaction  (Y  >  30  ppm).  Melt-metasomatic  overprint  trends 
are  also  seen  in  plots  of  Ti02,  Ti/Y,  Y/Ga  or  Zr/Y  vs.  ATAN(Cr203/Ca0)  and  care  is  needed  in 
interpreting  melt-depletion  trends  from  the  resultant  data  (not  illustrated). 

In  conclusion,  it  is  noted  that  three  basic  types  of  melt-depletion  arrays  may  be  defined  with  relative 
ease  on  Cr203-CaO  plots  for  peridotitic  garnets  (Fig.  1).  It  is  tempting  to  correlate  the  extremely 
depleted  arrays  represented  by  D-  and  H-type  mantles  with  severe  melt-depletion  events  in  the 
Archaean,  and  conversely,  to  assign  Proterozoic  or  younger  ages  to  the  less  severe  melt-depletion 
arrays  typical  of  L-type  mantles  (e.g.  Griffin  et  al.,  1997).  Such  correlations  appear  to  be 
substantiated  by  garnet  Cr203-Ca0  arrays  on  average ,  but  in  detail,  fail  to  predict  the  presence  of  L- 
type  mantles  underlying  large  tracts  of  Archaean  continental  crust.  It  hence  appears  that  not  all 
Archaean  subcontinental  lithosphere  has  experienced  extensive  melt-depletion.  The  processe(s) 
that  give  rise  to  extreme  melt  extraction  are  therefore  likely  to  have  provincial  or  tectonic 
dimensions  in  addition  to  the  temporal  aspects  already  identified  by  Griffin  et  al.  (1997). 

References 

Griffin,  W.  L.,  O'  Reilly,  S.  Y.,  Ryan,  C.  G.,  Gaul,  O.  and  Ionov,  D.  A.,  1997,  Secular  variation  in 
the  composition  of  subcontinental  lithospheric  mantle:  Geophysical  and  geodynamic 
implications.  Amer.  Geophys.  Union  Monogr.,  in  press. 

Gurney,  J.  J.  and  Switzer,  G.  S.,  1973,  The  discovery  of  garnets  closely  related  to  diamonds  in  the 
Finsch  pipe.  South  Africa:  Contr.  Mineral.  Petrol.,  39,  103-116. 

Malinovsky,  I.  Y.  and  Doroshev,  A.  M.,  1977,  Evaluation  of  P-T  conditions  of  diamond  formation 
with  reference  to  chrome-bearing  garnet  stability:  Ext.  Abs.  2IKC,  Santa  Fe,  no  page  numbers. 
O'Neill,  H.  St.  C.  and  Wood,  B.  J.,  1979,  An  experimental  study  of  Fe-Mg  partitioning  between 
garnet  and  olivine  and  its  calibration  as  a  geothermometer:  Contr.  Mineral.  Petrol.,  70,  59-70. 
Pearson,  D.  G.,  Carlson,  R.  W.,  Shirey,  S.  B.,  Boyd,  F.  R.  and  Nixon,  P.  H.,  1995,  Stabilisation  of 
Archaean  lithospheric  mantle:  A  Re-Os  isotope  study  of  peridotite  xenoliths  from  the  Kaapvaal 
craton:  Earth  Planet.  Sci.  Lett.,  134,  341-357. 

Pokhilenko,  N.  P.,  Pearson,  D.  G.,  Boyd,  F.  R.  and  Sobolev,  N.  V.,  1991,  Megacrystalline  dunites 
and  peridotites:  hosts  for  Siberian  diamonds,  Ann.  Rep.  Dir.  Cam.  Inst.  Wash.  1991,  11-18. 
Sobolev,  N.  V.,  Lavrent'ev,  Y.  G.,  Pokhilenko,  N.  P.  and  Usova,  L.  V.,  1973,  chrome-rich  garnets 
from  the  kimberlites  of  Yakutia  and  their  parageneses:  Contr.  Mineral.  Petrol.,  40,  39-52. 
Takahashi,  E.,  Shimazaki,  T.,  Tsuzaki,  Y.  and  Yoshida,  H.,  1993,  Melting  study  of  a  peridotite 
KLB-1  to  6.5  GPa,  and  the  origin  of  basaltic  magmas:  Phil.  Trans.  R.  Soc.  Lond.  A342,  105-120. 


278 


16 


12 

N® 

o 

U 


0 

16 


12 


0  3  CaO  wt%  6  9  0  3  CaO  wt%  6  9 


279 


Kimberlite-  and  lamproite-borne  chromite  phenocrysts  with 
"diamond-inclusion"-type  chemistries 

Grlitter,  H.  S.  and  Apter,  D.  B. 
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It  is  a  common  experience  for  diamond  explorationists  to  follow  chromites  with  chemistries 
identical  to  chromites  included  in  diamonds  (CID)  to  a  typically  kimberlitic  source  rock,  only  to 
find  that  their  new  discovery  contains  no  diamonds  (e.g.  Fig.  3e  in  Gurney  and  Zweistra,  1995). 
This  leads  to  the  suggestion  that  CID-type  compositions  may  occur  in  a  non-diamond  association 
within  broadly  kimberlitic  and  lamproitic  rock  types.  In  this  contribution  we  argue  that  these 
"diamond-inclusion"  chromites  represent  an  early  magmatic  phenocryst  population  which  is  present 
in  the  0.3  to  1.5  mm  size  fraction  and  is  a  common  constituent  of  kimberlites  and  lamproites. 

Peridotitic  chromites  that  occur  as  inclusions  in  diamond  have  chemistries  that  are  conventionally 
constrained  by  the  following  limits  (wt%):  62.0  -  68.0  Cr203,  10.4  -  16.5  MgO,  <  0.6  Ti02  and  <  6.0 
Fe203calc  (e.g.  Fipke  et  al.,  1995).  A  survey  of  representative  spinel  concentrates  from  world-wide 
kimberlites  (n  =  1220)  and  lamproites  (n  =  89)  shows  that  5.5%  of  4.2xl03  spinel  analyses  on  grains 
larger  than  0.3  mm  meet  the  CID  compositional  criteria  given  above.  Some  86%  of  the  CID-type 
compositions  occur  in  diamondiferous  intrusives  where  they  represent  0.1  to  64.5%  of  the 
concentrate  spinels  (mean:  9.1  ±  10.4%),  while  the  remaining  14%  of  CID's  occur  in  barren 
intrusives  where  they  make  up  0.1  to  56.4%  of  the  concentrate  spinels  (mean:  4.3  ±  7.0%).  These 
summary  statistics  indicate  that  the  presence  and  abundance  of  CID-type  grains  can  only  serve  as  a 
crude  measure  of  the  presence  or  absence  of  diamonds  in  an  exploration  target,  and  can  on  occasion 
be  completely  misleading. 

Compositional  data  for  chromites  in  peridotite  xenoliths  and  chromites  included  in  diamonds  are 
shown  on  Figure  1 .  The  compositions  of  chromites  in  chromite+garnet  peridotites  are  specifically 
differentiated  because  they  define  the  maximum  Cr203  content  of  peridotitic  chromite  at  typical 
mantle  P-T-/02  conditions.  Inter-element  partitioning  in  chromite+garnet  assemblages  also  allows 
identification  of  primary  equilibrated  chromite  compositions,  but  this  is  quite  difficult  for  garnet- 
absent  assemblages.  In  chromite  Cr203-Ti02  space  the  data  for  chromite+garnet  assemblages  define 
a  sloping  envelope  (labelled  MAXCR  in  Fig.  1)  that  is  also  valid  for  most  of  the  data  from  garnet- 
absent  assemblages;  a  few  outliers  are  thought  to  represent  non-primary  chromite  compositions.  At 
low  Ti02  the  MAXCR  envelope  is  shifted  to  ~  2.2  wt%  higher  Cr203  to  accommodate  the  data  for 
chromites  included  in  diamond  (Fig.  1).  The  shift  may  be  interpreted  as  indicating  higher  pressure 
or  lower  temperature  (see  Brey  et  al.,  1991)  or  lower  / 02  during  chromite  encapsulation  in 
diamond,  relative  to  normal  mantle  P-T-/02  conditions.  We  conclude  that  the  MAXCR  envelope 
delineates  the  outermost  Cr203-Ti02  limits  of  primary  chromite  compositions  in  mantle  peridotites 
and  that  its'  position  reflects  typical  mantle  P-T-/02  relations,  while  its'  slope  is  determined  by 
spinel  stoichiometry.  Comments  on  CID  data  plotting  at  Cr203  >  MAXCR  are  given  below. 

Our  database  of  representative  concentrate  spinel  compositions  shows  that  0.3  -  1.5  mm  chromites 
with  MgO  >  6.0  wt%,  Ti02  <5.5  wt%  and  Cr203  >  MAXCR  make  up  5%  or  more  of  the  spinels  in 
52.8%  of  diamondiferous  intrusives  and  26.8%  of  barren  intrusives.  Mean  abundances  are  12.2  ± 
13.3%  in  diamondiferous  bodies  and  7.0  ±  9.8%  in  barren  bodies,  but  maximum  abundances  may 
range  up  to  >  50%.  Examples  from  the  Wesselton  kimberlite  mine  and  the  barren  Omega-2 
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(marginal)  kimberlite  are  shown  in  Figures  2  and  3.  Because  these  high-Cr203,  low  to  moderate 
Ti02  chromites  cannot  be  derived  from  mantle  peridotite,  but  are  evidently  quite  common  in  a 
variety  of  high-pressure  melts,  we  interpret  them  as  early  magmatic  phenocrysts  that  crystallise 
from  their  host,  most  likely  at  mantle  pressures  in  excess  of  30  kbar. 

There  is  compelling  evidence  that  many  high  Cr203,  low  to  moderate  Ti02  chromites  should  be 
considered  as  phenocrysts  in  kimberlite  and  lamproite  magmas:  Fig.  16  in  Fipke  et  al.  (1995)  shows 
that  such  chromites  posses  Cr203-Ti02  chemistries  that  uniquely  distinguish  kimberlite  and 
lamproite  magma  compositions  from  a  variety  of  other  mafic  and  ultramafic  rocks,  Griffin  et  al. 
(1994)  have  recognised  kimberlitic  and  lamproitic  chromite  phenocryst  populations  based  on  major- 
and  trace-element  chemistry,  Shcherbakova  (1994)  described  them  in  a  number  of  octahedral 
morphologies  with  kimberlite-specific  surface  textures  that  are  readily  distinguished  from  xenolith- 
borne  chromites,  and  we  have  argued  that  those  grains  with  Cr203  >  MAXCR  must  by  default 
represent  chromite  phenocrysts.  We  therefore  suggest  that  the  xenolith-borne  chromites  plotting  at 
Cr203  >  MAXCR  in  Fig.l  represent  grains  that  have  (re-?)equilibrated  to  early  magmatic 
phenocryst  compositions  and  venture  that  re-equilibration  may  also  explain  the  ultra-high  Cr203 
composition  of  grain  BM-7  which  occurs  as  an  (exposed?)  intergrowth  with  diamond  from  Mir 
(Sobolev  et  al..  1971).  The  five  other  ultra-high  Cr203  DIC  grains  appear  to  be  genuine  armoured 
inclusions  in  diamonds  from  Mir  (AC-75  of  Sobolev  et  al.,  1976)  and  De  Beers  Pool  (unpublished 
data,  but  see  Phillips  and  Harris,  1995)  and  most  likely  imply  diamond  growth  within  reduced, 
high-pressure  kimberlite-like  magma  compositions.  Their  slightly  elevated  Ti02  contents  are 
significant  in  this  regard. 

In  conclusion  it  is  noted  that  the  compositions  of  0.3  to  1.5  mm  sized  kimberlite-  or  lamproite-borne 
chromite  phenocrysts  are  not  restricted  to  Cr203  >  MAXCR,  but  extend  to  ~  1 5  wt%  lower  Cr203  at 
any  given  Ti02  content.  They  therefore  overlap  completely  with  CID-type  compositions  and  hence 
provide  a  convenient  explanation  for  the  occurrence  of  "diamond-inclusion"-type  chromites  in 
barren  kimberlites  and  lamproites  (e.g.  Fig.  3). 
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♦  Chromite  in  diamond  (CID) 
□  Chromite  +  garnet  peridotite 
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Figure  1:  Cr20?-Ti02  chemistries  of  chromites  in  peridotites  and  chromites  included  in 
diamonds.  Spinel-garnet  phase  relations  prescribe  that  all  primary  chromites  in  peridotites 
plot  on,  or  to  lower  Cr202  content  than,  the  MAXCR  envelope  (see  text). 
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Garnet  xenocryst  chemistries  in  a  traverse  from  Eendekuil  to  Kimberley 
over  the  south-western  margin  of  the  Kaapvaal  craton 
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Fig.  1:  Grey-scale  magnetic  image  of  the  SW 
Kaapvaal  craton  and  surrounding  Namaqua 
domain.  Squares  denote  positions  for 
kimberlites  for  which  garnet  xenocryst  data 
were  projected  onto  the  indicated  traverse 
line.  Other  known  kimberlites  marked  in 
triangles.  BBFZ  and  DBFZ  highlighted  in 
dashed  lines. 


Some  two  hundred  Jurassic-Cretaceous  Group- 1,  Group-2  and  transitional  kimberlites  occur  in  a 
~  140  km  wide  swath  that  trends  north-eastward  from  the  off-craton  Eendekuil  kimberlite  across  the 
south-western  margin  of  the  Kaapvaal  craton  to  Kimberley  (Fig.  1,  see  also  Skinner  et  al.,  1991). 
Three  chronologically  distinct  crustal  domains  appear  (at  surface)  along  the  -  580  km  long  traverse: 
the  -1.6-1 .1  Ga  central  zone  of  the  Namaqualand  Metamorphic  Complex  occurs  to  the  south-west 
of  the  Brakbos  fault  zone  (BBFZ);  the  3. 2-2. 9  Ga  Kaapvaal  craton  occurs  to  the  north-east  of  the 
Doomberg  fault  zone  (DBFZ)  and  the  3. 0-2. 6  Ga  Mary  dale  domain  occupies  a  -  40  km  wide 
craton-margin  buffer  zone  between  the  BBFZ  and  DBFZ  (Fig.  1;  Tankard  et  al.,  1982).  Crustal 
shortening  at  -  1.75  Ga  and  -  1.2  Ga,  and  -  1.05  Ga  tectonic  welding  involving  dextral 
transpression  and  >  200  km  of  dextral  shear  along  the  south-western  Kaapvaal/Namaqua  juncture, 
very  likely  left  the  BBFZ  and  DBFZ  as  deeply  penetrating  near-vertical  structures  (Stowe,  1983). 
This  suggests  that  kimberlites  straddling  the  BBFZ  and  DBFZ  intrude  three  distinct  crustal  domains 
and  may  have  sampled  entirely  different  lithospheric  mantles.  In  this  contribution  we  utilise  the 
chemistries  of  garnet  xenocryst  populations  to  examine  the  nature  of  the  lithospheric  mantle(s)  that 
underlie  the  three  crustal  domains. 

Our  initial  approach  involved  summarising  garnet  xenocryst  compositions  per  intrusion  according 
to  the  a  simplified  version  of  the  garnet  cluster  group  scheme  of  Danchin  and  Wyatt  (1979),  as  well 
as  the  classifications  of  Gurney  et  al.  (1993).  The  summaries  thus  obtained  are  available  from  the 
senior  author  on  request;  two  of  the  significant  features  are  outlined  as  follows: 
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•  G10  subcalcic  garnets  are  effectively  absent  from  the  sub-Namaqua  lithosphere,  increase  in 
abundance  below  the  Marydale  domain  and  are  reasonably  common  in  the  mantle  below  the 
Kaapvaal  craton,  particulary  at  Kimberley  (Fig.  2).  If  G10  garnets  are  necessarily  linked  to  the 
presence  of  diamonds,  then  the  rules  of  Clifford  (1966)  imply  that  Archaean  lithospheric  mantle 
extends  from  Kimberley  to  below  the  Marydale  domain  and  that  the  BBFZ  forms  a  sharp,  near¬ 
vertical  craton  boundary  from  surface  to  depths  of  -  120  km.  The  Markt  kimberlite  is  situated 
just  on  the  cratonic  side  of  the  BBFZ  and  is  expected  to  be  rooted  in  Archaean  lithosphere. 

•  Eclogite  is  rarely  sampled  by  kimberlites  in  the  Kimberley  area;  craton-bound  Group-2 
kimberlites  show  a  similar  low  incidence  of  eclogitic  garnets  (Fig.  3).  Within  the  craton-margin 
environment  eclogitic  garnet  xenocrysts  occur  in  abundance,  mostly  in  Group- 1  kimberlites,  on 
both  sides  of  the  BBFZ  and  DBFZ.  These  xenocrysts  have  distinctive  iron-rich  compositions 
that  can  be  traced  to  eclogite  and  two-pyroxene/gamet  granulite  xenoliths  of  “lower  crustal’' 
provenance  (Grutter  and  Robey,  1988;  Pearson  et  al.,  1995).  Their  paucity  in  Group-2 
kimberlites  indicates  mantle  sampling  characteristics  for  these  kimberlites  that  are  substantially 
different  from  those  of  spatially  associated  Group- 1  kimberlites. 

The  garnet  xenocryst  compositions  were  additionally  subjected  to  geochemical  and  petrological 

calculations  and  results  summarised  per  intrusion;  some  findings  from  these  studies  are  as  follows: 

•  The  average  chrome  content  of  peridotitic  garnet  populations  increases  north-eastward  from  3.2 
to  4.4  to  4.8  wt%  (±  0.9)  below  the  three  crustal  domains  in  the  traverse  (Fig.  4).  A  marked 
difference  in  average  Cr203  content  clearly  delineates  the  edge  of  the  craton  at  the  BBFZ.  The 
maximum  Cr20?  in  garnet  increases  north-eastward  along  the  traverse,  indicating  that  the 
depleted  lithosphere  thickens  towards  Kimberley  (Nickel,  1989).  The  parallel  increase  in  %G10 
garnets  (Fig.  2)  suggests  that  geochemical  depletion  may  impart  stability  to  the  thickened 
cratonic  lithosphere  via  buoyancy  forces. 

•  The  average  MnO  content  of  low-titanium  peridotitic  garnet  populations  decreases  slightly 
north-eastward  along  the  traverse  (Fig.  5).  This  implies  that  on-craton  kimberlites  are.  on 
average,  sampling  common  peridotite  at  higher  temperatures,  and  by  implication  at  higher 
pressures,  than  off-craton  kimberlites.  The  highest  temperature  sampling  occurs  (at  the  lowest 
MnO  contents)  in  the  Kimberley  area,  but  the  average  and  inter-quartile  ranges  for  MnO  shown 
in  Fig.  5  suggest  considerable  variation  in  the  depth  and  depth  extent  of  mantle  sampling  by 
different  kimberlites. 

•  We  have  empirically  calibrated  MnO  in  peridotitic  garnet  as  a  single-grain  geothermometer. 
The  MnO  thermometer  allows  the  forsterite  content  of  olivine  in  equilibrium  with  garnet  to  be 
calculated  along  the  traverse  (by  inverting  O'Neill  and  Wood,  1979).  Equilibrium  forsterite 
compositions  were  computed  for  low-titanium  peridotitic  garnets,  normalised  to  a  lherzolitic 
standard  state  at  950°C  on  a  model  40  mW/m2  geotherm,  and  averaged  per  intrusion.  Fig.  6 
shows  that  off-craton  olivines  are,  on  average,  less  magnesian  (Fo91.9  ±  0.5)  than  on-craton 
olivines  (Fo92.3  ±  0.5).  These  results  are  consistent  with  gross  trends  in  olivine  compositions 
for  off-  and  on-craton  peridotite  xenoliths  (Boyd,  1989).  However,  in  finer  detail  our  data  show 
that  about  one-fifth  of  the  kimberlites  in  the  Kimberley  area  have  sampled  relatively  fertile 
mantle  characterised  by  Fo90.2  ±  0.9,  reflecting  smaller  scale  mantle  heterogeneities. 
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The  data  presented  here  show  that  the  bulk  chemistry  of  average  sub-Kaapvaal  lithosphere  is  more 
depleted  in  terms  of  CaO  (Fig.  2),  Cr203  (Fig.  4)  and  Mg/[Mg+Fe]  (Fig.  6)  than  that  of  the  sub- 
Namaqua  lithosphere.  The  division  between  these  lithospheres  occurs  along  the  BBFZ  which 
represents  a  dextral  transform  boundary  established  between  Archaean  and  Mid-Proterozoic  upper 
crustal  domains  at  ~  1.05  Ga.  In  addition  to  this  prominent  vertical  divide,  the  Kaapvaal  border 
region  contains  a  presumably  sub-horizontal  stratification  that  is  formed  by  eclogitic  and 
pyroxenitic  lithologies  within  the  uppermost  mantle  and  lower  crust  on  either  side  of  the  BBFZ 
(Fig.  3).  It  is  hoped  that  current  geophysical  studies  within  the  area  will  contribute  to  the  resolution 
of  these  sub-vertical  and  sub-horizontal  mantle  structures  (de  Wit  and  Gurney,  1997). 
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Some  comments  on  the  (ab)use  of  sodium  in  garnet  to 
predict  eclogitic  diamond  potential 

Griitter,  H.  S.  and  Quadling,  K.  E. 

Anglo  American  Research  Laboratories,  P.  O.  Box  106,  Crown  Mines,  2025,  South  Africa 


The  association  of  high-sodium  eclogitic  garnets  with  diamonds  was  established  as  far  back  as  1971 
when  Sobolev  and  Lavrent'ev  (1971)  showed  that  garnets  in  diamond  eclogite  xenoliths  and 
eclogitic  garnets  included  in  diamond  contain  >  0.09  to  0.22  wt%  Na20.  These  levels  were  found 
to  surpass  the  <  0.07  wt%  Na20  in  garnets  from  eclogites  in  lower  pressure  metamorphic 
complexes  which  "permitfs]  one  to  suggest  a  possible  dependence  of  the  sodium  admixture  in 
garnets  on  pressure,  fixed  in  this  case  by  their  association  with  diamond"  (op.  cit.,  p.  6).  Following 
on  this  work,  and  that  of  McCandless  and  Gurney  (1989),  various  authors  have  promulgated  a 
threshold  of  >  0.07  wt%  Na20  in  garnet  to  identify  diamond-associated  eclogitic  garnets  (e.g. 
Gurney  et  al.,  1993;  Fipke  et  al„  1995).  This  threshold  has  however  been  established  through 
empirical  observations,  mostly  on  garnets  included  in  diamonds,  and  is  not  particularly  well 
constrained  (see  Gurney,  1984  and  discussion  in  Gurney  and  Zweistra,  1995).  In  this  contribution 
we  consider  data  for  graphite-  or  diamond-facies  eclogites  and  show  that  eclogite  bulk 
compositional  controls  effectively  prevent  delimitation  of  a  sensible  sodium-in-gamet  threshold 
which  uniquely  characterises  eclogite  diamond-facies  conditions. 

Garnets  in  crustal  and  mantle  eclogites  display  a  wide  range  in  composition  and  colour  (e.g. 
Sobolev.  1977).  The  extreme  chemical  variation  results  from  the  high  variance  inherent  in  the  two-, 
three-,  or  even  four-phase  assemblages  that  are  common  in  most  eclogites.  Under  such  high- 
variance  conditions  mineral  compositions  should  reflect  bulk-rock  chemistry  at  any  given  pressure 
and  temperature  (Goldschmidt,  1912;  Weill  and  Fyfe,  1964),  from  which  it  is  inferred  that  the 
chemistry  of  eclogitic  minerals  will  vary  anywhere  along  the  univariant  graphite-diamond 
equilibrium.  This  implies  that  the  graphite-diamond  equilibrium  cannot  be  uniquely  mapped  into 
the  chemical  space  occupied  by  eclogitic  garnet.  It  follows  that  the  0.07  wt%  Na20-in-garnet 
threshold  discussed  above  is  probably  not  distinctive  of  diamond-facies  conditions  and  that  it 
should  be  tested  reversibly  before  routine  implementation.  This  test  is  conducted  by  comparing 
sodium  levels  in  garnets  from  graphite-  or  diamond-bearing  eclogite  xenoliths.  Published  garnet 
analyses  for  such  xenoliths  exhibit  the  same  Na20-Ti02  substitution  vector  that  is  known  from 
eclogitic  garnets  included  in  diamond  (not  illustrated,  but  see  Fig.  8  in  Gurney  et  al.,  1993)  and  the 
overwhelming  majority  of  garnets  in  diamond-bearing  eclogites  have  Na2G  >  0.07  wt%,  in 
accordance  with  previous  results  (Table  1).  However,  it  is  evident  that  two-thirds  of  the  garnets  in 
graphite-only  eclogites  contain  Na20  >  0.07  wt%,  reaching  up  to  0.16  wt%  Na20,  and  some  garnets 
in.  diamond-bearing  eclogites  contain  almost  no  sodium  (Table  1).  The  limits  of  the  data  listed  in 
Table  1  suggest  that  "diamond-in"  could  occur  at  0.02  wt%  Na20  in  garnet,  while  "graphite-out" 
might  occur  at  0.19  wt%  Na20.  The  corresponding  inter-quartile  limits  for  the  transition  is  0.06  to 
0.17  wt%  Na20  in  garnet,  which  represents  almost  half  of  the  entire  range  found  in  garnets  from  all 
mantle  eclogite  xenoliths!  It  is  clear  that  0.07  wt%  Na20  in  garnet  is  neither  distinctive  nor 
characteristic  of  an  eclogitic  diamond  association. 
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Table  1 :  Summary  statistics  for  wt%  Na20  in  garnet  from  carbon-bearing  eclogite  xenoliths* 


Carbon  occurs  as 

Minimum 

Maximum 

Mean 

St  dev 

n  = 

%  >  0.07+ 

Graphite 

0.00 

0.16 

0.080 

0.043 

56 

66.1 

Graphite  +  Diamond 

0.08 

0.19 

0.119 

0.039 

12 

100 

Diamond 

0.02 

0.25 

0.128 

0.046 

176 

89.2 

*  all  analyses  averaged  per  xenolith  f  percentage  of  xenoliths  with  garnets  that  have  >  0.07  wt%  Na,0. 


Notwithstanding  the  comments  made  above,  there  is  still  some  sense  that  can  be  made  of  the  data  in 
Table  1 :  mean  (and  maximum)  Na20  in  garnet  increases  in  the  classes  graphite  to  graphite-plus- 
diamond  to  diamond  eclogite,  while  the  standard  deviations  remain  almost  identical.  Students’  T- 
tests  indicate  that  the  sodium  contents  in  these  classes  are  significantly  different  at  the  99%  level  of 
confidence,  implying  that  wt%  Na20  in  eclogitic  garnet  is  without  doubt  positively  correlated  with 
the  transition  from  graphite  to  diamond,  and  by  inference,  lithospheric  depth.  Since  pressure  and 
temperature  both  increase  along  conductive  lithospheric  geotherms,  the  sodium  increase  may  reflect 
increasing  P  or  T,  or  both  (see  also  Bishop  et  al.,  1978).  The  validity  of  this  inference  can  be 
confirmed  by  inspecting  Fig.  1,  in  which  an  effort  has  been  made  to  place  carbon-bearing  as  well  as 
carbon-free  eclogite  xenoliths  within  a  broad-brush  mantle  stratigraphy  by  calculating  their  (Fe203- 
free)  gamet-clinopyroxene  Fe-Mg  exchange  temperatures  (after  Krogh,  1988).  A  broad  positive 
correlation  between  Na20  in  eclogitic  garnet  and  calculated  temperature  is  clearly  evident.  The 
scatter  in  the  relationship  prohibits  unique  temperature  (or  depth)  estimates  to  be  made  from  the 
sodium  content  of  the  garnet,  in  effect  implying  that  a  wide  variety  of  broadly  basaltic  bulk 
compositions  may  coexist  as  eclogites  at  typical  mantle  pressures  and  temperatures.  If  Fe-Mg 
equilibration  is  assumed,  the  relationship  predicts  a  range  of  about  0  to  0.16  wt%  Na20  in  garnet  at 
temperatures  typical  of  the  graphite-diamond  transition  on  cratonic  geotherms  (950  to  1050°C). 
This  demonstrates,  again,  that  sodium  in  garnet  is  not  a  particularly  useful  or  distinctive  measure  of 
diamond-facies  conditions  in  eclogites. 
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Mineral  associations  and  compositional  evolution  of 
Monastery  kimberlite  megacrysts. 
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Introduction.  The  Monastery  kimberlite  in  the  Eastern  Free  State  of  South  Africa 
contains  an  exceptionally  well  represented  suite  of  inclusions  of  the  Cr-poor 
megacryst  (discrete  nodule)  association,  making  it  an  ideal  location  to  study  in  detail 
the  processes  responsible  for  megacryst  petrogenesis  (Gurney  et  ah,  1979).  A  renewed 
phase  of  prospecting  beginning  in  1982  resulted  in  exposure  of  deeper  kimberlite 
levels  and  recovery  of  zircons  alongside  diamond  in  the  Sortex  plant,  allowed  for  a  re¬ 
examination  of  the  suite,  with  an  emphasis  on  some  of  the  less  common  megacryst 
associations.  A  large  number  of  megacrysts  from  in-situ  kimberlite  occurrences, 
oversize  concentrate  tailings,  and  Sortex  production,  including  some  2,200  zircon¬ 
bearing  samples  were  examined.  This  study  reports  on  these  observations  and  on 
chemical  analyses  by  electron-,  ion-,  and  proton-microprobe  which  delineate  the 
compositional  evolution  of  a  wide  range  of  Monastery  megacrysts  and  define  at  least 
two  distinct  series  of  megacryst  associations. 

Megacryst  occurrences.  The  relative  mineral  abundances  determined  in  this  study 
contrast  somewhat  with  previous  observations  (Gurney  et  ah,  1979).  They  are  (in 
decreasing  order):  ilmenite,  olivine,  diopside-ilmenite,  garnet,  phlogopite,  diopside, 
enstatite,  enstatite-ilmenite,  garnet  -  ilmenite,  diopside-enstatite,  followed  by 
occasional  (rare)  occurences  of  the  following:  garnet  -  diopside,  olivine-ilmenite, 
olivine-garnet,  olivine-enstatite,  olivine-diopside,  phlogopite-ilmenite,  zircon,  zircon- 
ilmenite,  zircon-olivine,  zircon-phlogopite  and  occasional  3-phase  intergrowths  of 
some  of  the  above.  One  four-phase  olivine-zircon-phlogopite-ilmenite  intergrowth 
has  been  found  as  well  as  two  unusual  four-phase  peridotites  comprising  olivine- 
enstatite-diopside-garnet  with  composition  similar  to  the  most  primitive  megacrysts. 
The  texture  of  these  garnet  lherzolite  xenoliths  is  coarse-equant,  though  grain  size  is 
from  0.5  to  5  mm;  relatively  fine-grained  for  undeformed  peridotite  xenoliths.  Of  the 
2,200  zircon-bearing  samples,  88%  are  monomineralic,  the  remainder  comprising  248 
(11%)  zircon-ilmenite,  16  olivine-bearing  intergrowths  and  3  phlogopite-bearing 
samples.  Average  zircon  grain  size  is  10  mm.  A  new  population  of  calcic 
clinopyroxene  megacrysts  has  been  identified  on  the  basis  of  major  element 
composition  (see  below).  These  megacrysts  are  not  readily  distinguishable  from  the 
common  subcalcic  diopsides  in  hand  specimen  and  occur  as  discrete  megacrysts  or 
intergrown  with  ilmenite  and  in  one  case,  phlogopite.  Previous  workers  have 
implicated  carbonate  crystallization  in  megacryst  evolution.  No  carbonate  megacrysts 
are  observed;  spherical  or  tubular  inclusions  of  calcite  ±  serpentine  ±  phlogopite  in 
ilmenite  megacrysts  may  represent  trapped  carbonatitic  liquids. 

Megacryst  compositions.  Two  distinct  populations  of  each  of  the  minerals  olivine, 
ilmenite  and  clinopyroxene  are  *  recognized  on  the  basis  of  chemical  composition. 
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Ilmenite  consists  of  a  high  Cr,  high  Nb  (and  low  Zr/Nb)  population  (groups  2  and  3  of 
Moore  et  al.,  1992)  which  may  be  associated  with  zircon,  phlogopite,  Fe-rich  olivine 
or  calcic  clinopyroxene  and  a  low-Cr,  low  Nb,  high  Zr/Nb  group  which  is  the 
compositional  type  found  intergrown  with  subcalcic  clinopyroxene,  garnet  and 
enstatite  of  the  "main  silicate  trend  (MST)"  (group  1  of  Moore  et  al  1992.).  166  new 
olivine  analyses  confirm  the  division  of  olivine  into  high-Fe,  low-Ni  and  low-Fe, 
high-Ni  groups  as  recognized  by  Gurney  et  al  (1979).  These  groups  are  also  distinct 
in  their  trace  element  content  and  the  speciation  of  their  trace  structural  OH.  Only  the 
high-Fe  group  coexists  with  ilmenite,  phlogopite  or  zircon,  while  the  low-Fe  group 
coexists  with  MST  pyroxenes  and  garnet  only.  Phlogopites  are  similar  in  composition 
to  those  from  MARID  xenoliths,  but  show  far  better  defined  compositional  trends. 
The  separate  population  of  calcic  clinopyroxene  mentioned  above  is  characterized  by 
Ca#  (=100Ca/[Ca+Mg])  >  45,  low  Al,  elevated  Cr  and  high  incompatible  trace 
element  contents  relative  to  the  MST  subcalcic  clinopyroxenes. 

For  the  MST  minerals,  most  elements  show  a  very  regular  variation  in  composition 
with  Mg#.  Subtle  indications  of  a  lack  of  continuum  among  MST  pyroxene 
compositions  are  revealed  by  the  new  data,  with  ilmenite  free  and  ilmenite-bearing 
populations  separated  by  narrow  compositional  gaps.  For  certain  trace  elements  (e.g., 
Ce  in  garnet),  the  compositional  evolution  is  opposite  to  that  predicted  for  a 
fractionating  magma  and  points  to  the  strong  effect  of  systematically  varying  mineral 
-  liquid  partitioning  in  producing  observed  trends.  Such  observations  imply  that  great 
care  should  be  exercised  in  the  use  of  mineral  trace  element  concentrations  (e.g.,  Nb 
in  ilmenite)  to  predict  quantitatively  the  degree  of  fractionation. 

Discussion  of  petrogenetic  associations.  At  least  two  associations  of  megacrysts  are 
distinguished  when  chemical  and  mineral  coexistence  observations  are  combined. 
These  are: 

(1) .  The  "main  silicate  trend",  comprising  subcalcic  clinopyroxene,  garnet, 
enstatite,  low-Fe  high  Ni  olivine,  the  latter  replaced  at  lower  Mg#  by  low  Cr,  low  Nb, 
high  Zr/Nb  ilmenite. 

(2)  The  "metasomatic"  trend,  comprising  phlogopite,  calcic  clinopyroxene,  Cr-, 
Nb-rich  ilmenite,  high  Fe  low  Ni  olivine  and  zircon.  This  consists  of  a  more 
magnesian  group  of  megacrysts  (phi  -  cpx  -  ilm),  separated  from  the  evolved  group 
(ilm  -  phi  -  FeOliv  -  zir)  by  a  compositional  gap  in  which  little  ilmenite  appears  to 
crystallize.  This  "metasomatic"  megacryst  association  has  been  so  named  because  the 
mineral  associations  and  compositions  (major  and  trace  elements)  bear  resemblance 
(but  are  not  identical)  to  those  of  the  MARID  -  glimmerite  -  "Granny  Smith"  suite. 

The  relationship  between  the  two  suites  is  a  controversial  issue  of  considerable 
importance  to  understanding  metasomatism  and  chemical  evolution  of  the 
subcontinental  mantle.  Cr-poor  megacrysts  have  geochemical  and  isotopic 
characteristics  of  ocean  island  basalts  whereas  the  Granny-Smith  -  glimmerite  - 
MARID  suite  display  a  mixture  of  compositional  features  characteristic  of,  on  the  one 
hand,  OIB  and  on  the  other,  old  enriched  continental  mantle.  Open  system 
hybridization  in  megacryst  evolution  is  supported  by  Os-isotope  studies  of  Cr-poor 
and  Granny  Smith  megacrysts  (Carlson  and  Bell  1997)  which  indicate  a  strong 
signature  of  continental  lithosphere  in  the  latter  that  is  not  apparent  in  Sr  and  Nd 
isotope  systems  (Jones  1987).  The  complexity  of  these  geochemical  features  are 
perhaps  best  explained  by  processes  involving  open-system  hybridization  between 
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materials  from  these  two  sources.  The  relationship  between  these  two  megacryst 
suites  thus  has  the  potential  to  reveal  aspects  of  the  nature  of  this  process,  which  is 
likely  fundamental  to  continental  mantle  metasomatism. 

Age  relationships  of  Cr-poor  megacrysts  (Jones  1987)  and  zircons  (Zartman  et  al., 
1998)  presumed  to  derive  from  the  "metasomatic"  megacryst  suite  argue  for 
contemporaneous  origins  and  by  implication  a  likely  petrogenetic  relationship.  Moore 
et  al.  (1992)  have  argued  on  the  basis  of  ilmenite  compositional  trends  that  the 
"metasomatic"  suite  at  Monastery  can  be  derived  from  the  Cr-poor  (MST)  suite  by 
fractional  crystallization.  However,  these  two  trends  display  a  mutual  distinctiveness 
in  terms  of  certain  inter  element  ratios  (plots  involving  Mg#,  Cr#  (=100Cr/[Cr+Al]) 
and  Zr/Nb  of  ilmenite),  which  argues  against  a  simple,  closed  system  evolutionary 
relationship.  The  incompatible  trace  element  concentrations  of  the  calcic 
clinopyroxenes  lie  on  direct  extensions  (e.g.,  to  higher  Ce,  Zr,  Y  etc)  of  the  trends 
established  by  MST  subcalcic  clinopyroxenes  when  plotted  as  a  function  of  Ca#. 
Such  relationships  at  face  value  also  suggest  a  petrogenetic  connection  but  the  lack  of 
systematic  variability  as  a  function  of  Mg#  in  the  calcic  suite  suggests  a  role  for 
partition  coefficient  variations  or,  alternatively,  open  system  behaviour. 

We  conclude  that  the  two  megacryst  suites  at  Monastery  Mine  may  be  linked  to  a 
common  magmatic  event,  but  if  so,  their  petrological  relationships  to  one  another  are 
likely  to  involve  complex  open  system  hybridization  processes. 
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Although  there  are  considerable  uncertainties  in  the  origin  of  kimberlites,  and  in  the  genesis  of 
carbonatites,  the  issue  that  has  fueled  the  most  vigorous  debate  is  on  the  potential  relation  between 
kimberlitic  and  carbonatitic  magmas  in  petrogenetic  models:  one  perspective  is  consanguinity;  whereas 
the  alternative  view  contends  that  there  is  a  complete  separation  in  the  evolution  of  these  two  exotic 
rock  types  from  the  upper  mantle  (e.g.  Mitchell,  1986;  Bell,  1989).  Liquid  immiscibility  between 
conjugate  carbonate  and  silica  undersaturated  liquids  has  both  supporters  and  detractors  among 
experimentalists,  but  also  among  petrographers  in  studies  of  alkali  fields  and  mantle  xenolith  settings 
(Pyle  and  Haggerty,  1994);  and  views  on  fluidization  (i.e.  gas-expansion  and  droplet  formation  in 
liquids,  Sutherland,  1980)  should  be  revisited  in  light  of  the  widespread  spherulitic  and  orbicular 
structures  reported  in  carbonatites  (Keller,  1981;  Lapin  and  Vartiainen,  1983;  Moore,  1984).  We 
report  on  two  unusual  occurrences  of  spherical  oxide  assemblages  that  bear  on  the  relation  between 
kimberlites  and  carbonatites,  and  on  oxide  liquid  immiscibility  in  phosphorous-  and  carbon-rich 
systems.  The  assemblages  show  similarities  and  contrasts  to  orbicular,  rapaki vi-like,  structures  in 
carbonatites  and  related  rocks  from  Uganda,  Finland,  Germany  and  Russia.  The  locations  featured  in 
our  study  are  in  the  central  Namibian,  ‘non-diamondiferous’,  kimberlite  field,  which  trends  N-S  and 
lies  between  the  Mt.  Brukkaros  carbonatite  (Janse,  1969),  and  the  town  of  Mariental. 

Ilmenite  at  Mukurob 

The  first  location  at  Mukurob  (60  km  NNE  of  Brukkaros),  has  a  small  outcrop  of  kimberlite  and  a 
0.5m  wide  carbonatitic  dike  that  is  exposed  for  ~200m  (Frankel,  1956).  The  buff  carbonatite  (~0.5 
wt%  FeO)  is  saturated  in  black,  oblate  spheroidal  pellets,  1x2  cm  in  average  diameter.  The  pellets  are 
matrix-supported  and  have  cores  of  olivine  (now  replaced  by  serpentine,  with  minor  calcite  and 
quartz),  concentrically  overgrown  by  one  or  two  layers  of  ilmenite.  These  ilmenite  bands  are 
supported  by  delicate  whiskers  or  coarser  pedestals  of  ilmenite,  that  are  radial  in  cross-section  and 
normal  to  the  bands;  the  intervening  volumes  are  filled  by  strained  calcite  (Fig. la).  Ilmenite  (Ilm55 
Geik40  Herr^)  is  polycrystalline  and  exhibits  120°  equilibrated  dihedral  angles.  The  matrix  to  the 
spherules  has  xenocrystic  serpentine  after  olivine,  set  in  a  medium  grained  assemblage  of  calcite, 
serpentine,  abundant  oxides,  minor  apatite  (F~1.5wt%),  and  barite;  crystals  inferred  to  be  melilite 
(Frankel,  1956)  were  not  observed.  Xenocrystic  MgAl-chromite  (55wt%  Cr203)  is  mantled  by 
ilmenite  (  Dm51Geik43  Hem  6  )  and  groundmass  spinel  is  MgAlTi-magnetite.  The  ilmenites  (1  l-12wt% 
and  2-3  wt%  Cr2  03  ,  Fig  lb-  c)  and  spinels,  although  set  in  a  carbonate-serpentine  matrix,  are 
distinctly  kimberlitic  (Haggerty,  1991). 

Magnetite  at  Hatzium 

The  second  example  is  from  the  carbonatitic  facies  of  the  Hatzium  kimberlite,  located  -100  km  due  N 
of  Brukkaros.  MgAlTi-magnetite  spheroids  (2-3  cm  in  diam.)  have  cores  of  massive  magnetite, 
calcite,  and  serpentine  that  are  overgrown  by  rythmically  layered,  alternating  bands  of  wide  (-1  mm) 
and  thin  (-0.25  mm)  concentric  rings  of  magnetite  (Fig. 2a),  that  are  nucleated  on,  and  dispersed 
within  a  complex  mixture  of  calcite  (FeO-  lwt%)  and  serpentine  (-4  wt%  MgO  and  0.5-lwt% 
A1203).  The  silicate  was  possibly  olivine  +  minor  pyroxene  or  monticellite  with  some  Ca  added  by  an 
invasive  fluid  or  partial  melt.  The  matrix  assemblage  of  serpentine  +  calcite  +  MgAlTi-magnetite  has 
minerals  and  mineral  compositions  similar  to  the  spheroids,  but  the  matrix  is  distinguished  by  the 
presence  of  Ba-phlogopite  and  abundant  fibrous  apatite  (F=2  wt%).  Phlogopite  (BaO=2-10  wt%)  is 
spectacularly  zoned  (dominantly  in  B a,  Si,  K)  in  patches  and  coarse  laths  parallel  to  cleavage;  the 
mica  is  kinked  banded  and  splayed  by  penetrative  calcite,  and  contains  inclusions  of  MgAlTi- 
magnetite.  Phlogopite  compositions  from  Hatzium  are  compared  in  oxide  and  cation  plots  to  bari an¬ 
ti  tani  an  micas  in  a  variety  of  undersaturated  rocks  in  Figs.  2b-c  (Mansker  et  al.,  1979;  Gaspar  and 
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Wyllie,  1982;  Field  et  al.,  1987;  Guo  and  Green,  1990;  Edgar,  1992).  The  most  striking  similarity  to 
phlogopites  in  the  Hatzium  kimberlite  are  phlogopites  from  the  Jacupiranga  carbonatite  in  Brazil 
(Gaspar  and  Wyllie,  1982),  in  which  both  correspond  to  an  exchange  of  Ti  +  2A1  =  Mg  +  2Si  in  the 
broader  framework  of  Ba  +  3Ti  +4A1  =  2K  +  4(Mg,Fe)  +  4Si  +  []  (Mansker  et  al.,  1979;  Guo  and 
Green,  1990;  and  Fig.  2c).  Apart  the  high  concentrations  of  Ba  in  phlogopite,  which  is  more  typically 
associated  with  nephelinites,  carbonatites,  and  metasomitized  harzburgites  in  kimberlites,  the  Hatzium 
assemblage  is  typically  kimberlitic. 

Summary  and  conclusions 

The  spinel  spheroidal  association  at  Hatzium  is  similar  to  phoscorites  or  camaforites  (magnetite  + 
calcite  +  apatite)  in  carbonatites  worldwide,  but  the  ilmenite  spheroids  have  not  previously  been 
reported,  except  at  Mukurob.  Our  tentative  interpretation  is  that  both  types  are  possibly  the  result  of 
oxide  liquid  immiscibility  in  phosphorous-  and  carbon-rich  silica  undersaturated  melts,  as 
demonstrated  experimentally  by  Philpotts  (1967)  for  P,  and  by  Weidner  (1982)  for  C.  The  effect  of 
these  elements  is  to  dramatically  lower  the  liquidus  temperatures  of  oxide  melts,  which  for  carbon  can 
be  as  low  as  815-1000°  C  at  0.1  GPa.  An  autolith  origin  for  the  ilmenite  spheroids,  however,  is 
equally  plausible  based  on  olivine  nucleii,  and  the  compositional  similarities  of  the  Mukurob  ilmenites 
to  high  GPa  ilmenite  megacrysts  in  diamondiferous  kimberlites  (Fig.  2a-b);  this  model  is  also 
supported  by  strongly  equilibrated  ilmenite  crystallization  textures.  These  two  examples  of  off-craton 
intrusions  have  marked  affinities  to  the  LILE  and  HFSE  signatures  of  mantle  metasomites  entrained 
in  kimberlites  (Haggerty,  1991),  and  imply  a  relation,  between  kimberlites  and  carbonatites,  spatially 
and  petrologically,  driven  by  alkali  and  carbonate  mantle  metasomatism. 
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Constraints  on  MARID  petrogenesis:  SHRIMP  II  U-Pb  zircon  evidence 
for  pre-eruption  metasomatism  at  Kampfersdam 
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It  has  become  increasingly  evident  in  recent  years  that  zircon  xenocrysts  recovered  from  kimberlite 
can  comprise  complex  populations  whose  U-Pb  ages  may  document  either  zircon  crystallisation  from 
the  protokimberlite  magma,  or  melt  interaction  with  the  sub-continental  mantle  at  some  earlier  time. 
Only  in  rare  cases  has  it  been  possible  to  precisely  constrain  mantle  metasomatic  ages  (e.g.  Kinny  and 
Dawson,  1992);  for  the  most  part  these  ages,  and  their  relationship  to  kimberlite  magmas  sampled  in 
the  overlying  crust,  are  poorly  known.  In  other  instances,  lithospheric  enrichment  by  fluid  or  melt 
migration  episodes,  chronicled  through  U-Pb  dating  of  monazite-  and  zircon-bearing  glimmerite 
xenoliths  in  alkalic  Eocene  minette  of  the  Wyoming  craton  (Rudnick  et  al.,  1993;  Carlson  and  Irving, 
1994),  has  been  indirectly  linked  to  tectonomagmatic  events  documented  at  the  surface  in  bounding 
orogens. 

In  order  to  further  assess  the  timing  of  metasomatism  within  mantle  peridotite,  we  have 
initiated  a  study  of  a  MARID  xenolith  from  the  Kampfersdam  kimberlite.  Based  on  U-Pb  ages  of 
loose  zircon  megacrysts  from  the  kimberlite  matrix,  Davis  (1977)  determined  a  late  Cretaceous  age 
(86.9  ±1.1  Ma)  for  intrusion  of  the  Kampfersdam  pipe.  The  age  is  typical  of  numerous  other  (80- 
95  Ma)  Group  I  kimberlites  emplaced  into  Kaapvaal  craton,  particularly  in  the  Kimberley  region. 

The  MARID  nodule,  FRB  836,  is  approximately  15  cm  in  diameter,  comprising  a 
phlogopite-rich  host  together  with  a  well-delimited  vein  of  pale  green  amphibole  0.5  cm  wide  as  well 
as  irregular  blebs  and  segregations  of  amphibole.  Individual  amphibole  grains  reach  4  mm  in  size. 
No  flow  textures  are  associated  with  the  vein.  Grains  of  amphibole  are  also  dispersed  throughout  the 
micaceous  matrix.  The  mica  in  FRB  836  is  darker  and  more  reddish-brown  than  that  in  glimmerites, 
has  a  grain  size  of  0.5-1  mm,  and  is  not  deformed.  Apatite  is  dispersed  throughout  the  mica  host  and 
vein,  whereas  irregular  blebs  of  poly  granular  ilmenite  are  confined  to  the  mica  host  only.  Rare  zircon 
is  locally  present,  dispersed  within  phlogopite-rich  zones  or  between  phlogopite  and  amphibole 
grains  or  aggregates. 

In  an  analysed  thick  section  of  FRB  836,  a  single,  slightly  elongate,  xenomorphic  zircon  grain 
approximately  500x800  Jim  in  size  was  selected  for  trace  element  and  U-Pb  analysis. 
Cathodoluminesce  (CL)  imaging  reveals  a  weak  but  sharp  concentric  zoning  at  50-70  pm  widths, 
slightly  offset  from  the  grain  center  at  one  end  of  the  crystal.  Although  several  irregular  fractures  are 
present,  the  zircon  is  free  of  inclusions  or  rims,  and  lacks  any  overgrowths  of  baddeleyite. 

Full  rare  earth  element  (REE)  analysis  and  a  suite  of  minor  and  trace  element  abundances  were 
determined  on  the  single  zircon  grain  using  a  Cameca  4f  ion  probe  at  the  University  of  Edinburgh. 
Shown  in  Figure  1  are  chondrite-normalised  REE  abundances  for  two  analyses  of  core  domains 
(broadly  dark  in  CL  imagery),  and  two  spot  analyses  in  rim  regions  (broadly  correlating  with  a 
lighter  CL  zone).  As  with  many  crustal  zircons,  both  core  and  rim  patterns  show  positive  Ce 
anomalies,  and  weak  negative  Eu  anomalies.  Analyses  from  the  grain  centre  have  distinctly  higher 
levels  of  total  REE,  rising  steadily  from  La  (~0.4  ppm)  through  Sm,  with  the  patterns  flattening  out 
from  Gd  to  Lu  (-9  ppm).  Rim  compositions  have  an  order-of-magnitude  lower  concentration,  but 
with  patterns  mimicking  those  in  the  core,  ranging  from  -0.04  ppm  La  through  to  -1.4  ppm  Lu. 
Subtle  differences  nonetheless  exist:  core  compositions  are  characterised  by  flatter  HREE  profiles 
(Lu/Sm  -  1.2)  and  smaller  Ce  anomalies  (Ce/Ce*  -  4.2)  than  in  the  rim  (Lu/Sm  -  6.5;  Ce/Ce*  -  20). 
Elevated  abundances  of  the  REE  correlate  directly  with  Y(220-300  ppm)  and  Nb  (7-11  ppm) 
concentrations,  in  contrast  to  distinctly  lower  values  near  the  grain  edge  (~  40  ppm  Y,  -  0.5  ppm 
Nb).  Electron  microprobe  analyses  Hf  concentrations  range  from  1.04  (rim)  to  1.35  (core)  wt% 
Hf02,  and  Zr/Hf  ratios  fall  between  41.7  and  55.1,  respectively,  though  six  of  eight  spot  analyses 
have  an  average  Zr/Hf  of  44.7  ±  1.2,  regardless  of  position.  These  abundances  and  Zr/Hf  ratios  are 
within  the  compositional  spectrum  of  most  kimberlitic  zircons,  but  do  not  show  the  stronger 
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depletion  in  Hf  and  higher  Zr/Hf  observed  in  megacrysts  from  Mbuji  Mayi  and  from  Jwaneng  (Zr/Hf 
up  to  114;  Scharer  et  al.,  1997;  Kinny  et  al.,  1989). 

The  strong  chemical  zonation  illustrated  within  this  zircon  is  suggestive  of  crystallisation 
under  radically  changing  fluid/melt  compositions;  preservation  of  these  variations  is  testimony  to  the 
sluggishness  of  these  cations  (including  U,  Th;  see  below)  to  diffuse  even  under  upper  mantle 
conditions. 

FRB  836  zircon  was  dated  in  situ  using  the  SHRIMP  II  ion  microprobe  at  the  Geological  Survey  of 
Canada  in  Ottawa,  following  initial  CL  and  backscatter  imaging  at  the  GSC  and  trace  element 
characterization  using  the  University  of  Edinburgh  ion  probe.  Prior  to  U-Pb  analysis,  the  thick 
section  was  implanted  with  several  grains  the  GSC’s  ion  probe  zircon  standard  (Stern,  1997; 
Kipawa,  993  Ma,  -250  ppm  U).  A  total  of  22  spots,  each  having  a  diameter  of  roughly  25x30  pm, 
were  analysed  in  transverse  sections  across  the  grain  and  orthogonal  to  CL  zonation.  Data  were 
accumulated  in  routines  consisting  of  seven  scans  within  any  given  pit.  Reproducibility  of  the 
206Pb/238U  ratio  in  the  standard  was  ±1.5%  (Is),  and  propagated  to  the  unknown  spots. 

Uranium  and  thorium  abundances  within  the  MARID  zircon  show  considerable  range,  from 
8-107  ppm  and  3-104  ppm,  respectively.  Rim  compositions  have  consistently  low  U  (<3Q  ppm) 
and  Th  (<20  ppm)  concentrations,  and  generally  overlap  with  those  characteristic  of  kimberlitic 
zircons  (megacrysts)  as  illustrated  in  Figure  2.  There  is  a  steady  and  smooth  increase  in  Th/U  ratio 
from  -0.29  along  the  grain  rim  to  -0.97  in  core  regions,  where  U  and  Th  concentrations  reach  a 
maximum  of  approximately  100  ppm.  Although  U  concentrations  in  this  grain  are  comparable  to 
those  found  in  the  younger  Jwaneng  kimberlitic  zircons  (maximum  71  ppm;  Kinny  et  al,  1989), 
they  are  in  all  cases  distinctly  higher  in  Th  content  and  Th/U  than  the  latter  (<0.22).  Compared  to 
other  mantle-derived  zircons,  the  sample  is  intermediate  in  composition  and  Th/U  between  typical 
low-U  and  -Th  kimberlitic  zircon  megacrysts  and  zircon  included  in  diamond  from  Mbuji  Mayi  (Zaire; 
Kinny  and  Meyer,  1994).  However,  the  most  enriched  Th  and  U  compositions  from  FRB  836  zircon 
are  similar  to  rare  zircon  compositions  reported  from  certain  Canadian  carbonatites  by  Heaman  et  al. 
(1990).  Conversely,  MARID  suite  vein  zircons  from  xenoliths  in  Bultfontein  kimberlite  (Kinny  and 
Dawson,  1992),  have  considerably  higher  Th,  U,  and  Th/U  (Fig.  2),  are  distinct  from  the  zircon 
compositions  described  here,  and  have  presumably  precipitated  from  significantly  more  evolved 
melts. 

Uncorrected  U-Pb  isotopic  data  for  FRB  836  zircon  are  presented  on  a  Tera-Wasserburg  plot 
in  Figure  3.  Measured  radiogenic  Pb  (Pb*)  concentrations  are  consistently  low  (<3  ppm),  and  minor 
corrections  for  common  Pb  were  necessary  (non-radiogenic  proportions  of  total  ~06Pb  range  from  0. 1 
-  5.3%).  Most  spot  analyses,  however,  are  tightly  clustered  within  a  narrow  range  of  238U/2()6Pb 
ratios  near  concordia  and  yield  a  weighted  mean  age  of  120  ±  2  Ma  (2a;  N=18).  This  age  excludes 
four  analyses  which  disperse  to  slightly  higher  23^U/206Pb  ratios,  interpreted  to  reflect  Pb-loss,  either 
recently,  or  during  entrainment  via  kimberlite  eruption.  Non-exclusion  of  two  of  these  (highest 
238|j/206pb  ratjos  m  Figure  3)  results  in  an  immaterial  change  to  the  weighted  mean  age  -  1 19  ±  2  Ma; 
therefore,  120  ±  2  Ma  is  regarded  as  the  best  estimate  of  the  crystallisation  age  of  zircon  in  the 
metasomite  FRB  836. 

A  striking  feature  of  Fig.  3  is  that  little  to  none  of  the  U-Pb  data  show  evidence  of  resetting 
towards  the  age  of  the  younger  host  kimberlite.  Indeed,  there  is  a  complete  lack  of  any  spatially 
correlated  age  variation  within  the  grain.  In  contrast  to  the  metasomatised  Bultfontein  peridotite 
studied  by  Kinny  and  Dawson  (1992),  at  Kampfersdam  we  find  a  distinct  age  separation  between  the 
timing  of  MARID  metasomatism  (120  Ma)  and  the  eruption  of  host  kimberlite  (ca.  87  Ma),  and  that 
these  two  specific  igneous  suites  cannot  be  linked.  Moreover,  the  120  Ma  metasomatic  event  is 
significantly  older  than  most  Group  I  kimberlites  in  the  Kimberley  region.  Significantly,  the  timing 
of  metasomatism  is  coincident  with  the  earliest  of  the  pulses  of  Cretaceous  kimberlites  -  (Group  II)  or 
orangeites,  which  for  the  most  part  erupted  within  the  span  of  at  least  115-150  Ma  (Smith  et  al., 
1985).  The  results  presented  here  represent  the  first  documentation  of  a  MARID-assemblage  xenolith 
yielding  a  cystallisation  age  substantially  and  unambiguously  older  than  its  host  kimberlite.  FRB  836 
records  a  transient  earlier  metasomatic  event  that  affected  the  shallow  subcontinental  mantle  beneath 
the  Kaapvaal  craton  and  which  was  scavenged  some  33  Myr  later.  The  correspondence  in  age  of  the 
MARID  zircon  to  the  main  phase  of  Group  II  kimberlite  eruption  through  the  Kaapvaal  craton  offers 
strong  support  for  genetic  models,  based  on  phase  equilibria  results  (Sweeney  et  al.,  1993)  for  the 
MARID  association  involving  derivation  from  Group  II  kimberlite  magmas. 
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Figure  1 .  Chondrite-normalised  rare  earth  element  profiles 
for  MARID  suite  zircon  FRB  836. 


Figure  2.  U  and  Th  abundances  in  MARID  zircons  of  this  study, 
and  of  other  mantle  zircons.  MM  =  diamond  inclusion  zircon 
from  Mbuji  Mayi.  See  text  for  data  sources. 


Figure  3.  U-Pb  (Tera-Wasserburg)  concordia  diagram 
showing  uncorrected  (for  common  Pb)  SHRIMP  II  data 
for  FRB  836  MARID  zircon.  Errors  shown  are  la. 

Pb/U  ages  are  referred  to  Kipawa  zircon  at  993  Ma; 

Pb/U  1o  =  1.5%.  Open  symbols  are  spot  analyses  excluded 
from  weighted  mean.  Mean  age  calculated  from  data  using 
207Pb-method  of  common  Pb  correction. 
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Interpretation  of  Kcpx  and  CaEs  in  Clinopyroxene  from  Diamond  Inclusions  and 

Mantle  Samples 


Harlow,  G.E.1 

1 .  Department  of  Earth  &  Planetary  Sciences,  American  Museum  of  Natural  History,  New  York,  NY  10024-5192, 
U.S.A. 

Clinopyroxene  (Cpx)  has  many  potential  components  that  make  it  a  monitor  of  aspects  of  the  growth 
environment:  chemistry,  coexisting  phases,  and  conditions.  This  is  particularly  important  in  the 
upper  mantle  where  high-variance  phases  like  amphibole,  mica,  and  melt  or  fluid  are  either  rarely  or 
not  preserved  in  samples  that  reach  Earth’s  surface  as  xenocrysts,  grains  in  xenoliths,  or  inclusions  in 
diamonds.  Recent  multianvil  experiments  provide  some  new  constraints  and  insights  into 
environments  of  clinopyroxenes,  particularly  with  respect  to  potassium  clinopyroxene  (KAlSi206  or 
KCrSi206  -Kcpx),  calcium-Eskola  (Cao.5AlSi206-CaEs),  and  calcium-Tschermaks  (CaAlAlSi06  - 
CaTs)  components. 

Kcpx:  Reports  of  Kcpx  component  in  clinopyroxenes  from  the  mantle,  abundantly  reported  in  the 
kimberlite/xenolith/diamond  literature,  have  proven  (finally)  to  be  real  and  the  result  of  high  pressure 
(Harlow  and  Veblen,  1991;  Edgar  and  Vukadinovic,  1995;  Harlow,  1997,  Luth,  1997),  although 
there  is  some  uncertainty  about  the  extent  of  solid  solution  (SS)  and  partitioning  between  Cpx  and 
other  phases.  Synthetic  Kcpx  content  can  reach  ~20  mol%  (4.2  to  4.7  wt%  K20)  in  both  DiKoKcpx 
and  DiJdKcpx  intermediate  (Digo-DLw)  SSs  at  1400-1500  °C  and  10-11  GPa  coexisting  with  a  K-rich 
carbonate  or  glass  or  KAlSi308  (Harlow,  1997,  and  new  data).  Pressure  has  a  much  more  important 
effect  than  temperature  except  when  Cpx  coexists  with  Opx  which  leads  to  increased  En  content  of 
Cpx  at  higher  T  and  reduced  Kcpx  solubility.  Larger  unit  cell  volumes  and  mixing  disorder  appear  to 
facilitate  Kcpx  solutions  at  the  same  conditions;  thus,  partitioning  can  be  effected  by  the  Cpx 
composition,  particularly  for  En-rich  or  Jd-rich  compositions  (see  Harlow,  1997).  Partitioning  of  K 
between  Cpx  and  K-carbonate,  Cpx/carbZ)K,  or  silicate  melt,  Cpx/meltDK,  generally  ranges  from  .03  to  .07 
for  P  from  5  to  1 1  GPa  and  T  from  1400  to  1500  °C  for  Di-Jd-K-carbonate  or  Di-Ko-K-carbonate 
(Harlow,  1997),  which  can  be  compared  to  Cpx/meltDK,  values  up  to  0.19  (Edgar  and  Vukadinovic, 
1995)  for  lamproite  magma  at  1200  °C  and  5  GPa  decreasing  ten-fold  upon  increasing  T,  and  from 
0.022  at  1400  °C  @  5  GPa  to  0.1 1  at  1600  °C  @  1 1  GPa  for  Di-Phl  melting  (Luth,  1997). 
Experiments  have  yielded  Cpx  with  Kcpx  contents  far  above  values  reported  in  natural  crystals,  so 
we  can  infer  that  these  natural  samples  have  not  experienced  the  same  combination  of  high  pressure 
and  coexisting  high  K  activity.  Moreover,  the  Kcpx  contents  can  be  used  to  examine  the  pressure 
estimates,  suggest  coexisting  K-rich  phases  during  growth,  and  judge  the  experiments. 

Vacancies  in  Cpx — CaEs:  Smyth  and  co-workers  have  shown  the  importance  of  cation  vacancies  in 
Cpx,  largely  attributable  to  CaEs  content,  an  indicator  of  high  pressure  for  a  Cpx  +  silica  or  anorthite 
(An)  +  silica  assemblage  (Smyth,  1980;  McCormick,  1986;  Smyth  et  al.  1991).  Gasparik  (1986)  has 
measured  Di-CaTs-CaEs  ternary  solutions  for  starting  assemblages  of  anorthite  +  Cpx  and  anorthite 
+  quartz  +  Cpx  in  the  range  1.5  to  3.2  GPa  and  1200  to  1450  °C,  finding  a  roughly  linear  increase 
CaEs  and  CaTs  contents  (~3  to  1  :  CaTs  to  CaEs)  with  pressure  for  the  univariant  reaction 
Di+An=gamet  (Gar)  +  kyanite  (Ky).  Natural  examples  with  such  ratios  except  at  near- zero  values 
of  CaEs,  however,  are  rare.  In  experiments  reported  here,  substantial  CaEs  component  in  Cpx  has 
been  produced  in  the  ternary  Di-Jd-Or  (actually  Or97Ab3)  which  is  conspicuously  sensitive  to  the 
breakdown  of  KAJSi308  feldspar  (Or)  to  KSi-wadeite  (K2Sl409)  +  Ky  +  coesite  with  increasing 
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pressure  (~  6  GPa  @  1000  °C)  which  then  converts  to  a  single  hollandite-structure  phase  (~  9  GPa 
@  1000  °C;  Yagi  et  al.,  1994).  A  sampling  of  results  follows: 
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Pressure  favors  both  CaEs  and  Kcpx  content  in  the  assemblages,  but  the  presence  of  both  an 
aluminous  phase  and  silica,  rather  than  just  bulk  composition,  is  very  important  to  CaEs  enrichment 
and  perhaps  somewhat  to  CaTs  content.  CaTs,  a  high-T  component,  drops  upon  rising  P.  These 
data  do  not  clearly  show  partitioning  w.r.t.  K  (28  wt%  K20  in  K-Wad  and  16  wt%  in  Or). 

Cpx  in  diamonds:  A  characteristic  typical  of  some  Cpx  inclusions  in  diamonds  is  their  measurable  K 
content,  as  well  as  for  Cpx  in  Group  I  and  diamondiferous  eclogites  (McCandless  and  Gurney, 

1989).  A  cursory  examination  shows  that  omphacite  inclusions  from  Sloan,  Monastery,  Orapa, 
Argyle,  and  Copetown  have  a  high-end  range  of  0.6  to  0.9  wt%  K20  with  <  CaEs2,  suggesting 
coexistence  with  a  melt/fluid  of  1.2  to  30  wt%  K20  without  coexisting  Ky  (or  corundum?);  this 
author  would  lean  toward  more  K-rich  melt/fluids.  Some  omphacite  inclusions  from  Arkangelsk 
(Sobolev  et  al.,  1997)  contain  both  significant  CaEs  component,  up  to  9%,  and  Kcpx,  to  8%, 
suggesting  both  a  K-rich  fluid/solid  phase  and  something  like  Ky  coexisted.  Few  ultramafic  Cr- 
diopsides  are  K-rich,  and  the  richest  are  from  the  Koffiefontein  pipe  (Rickard  et  al.,  1989)  with  0.6 
and  1.6  wt%  K20  suggesting  perhaps  both  high  pressure,  >  5  GPa,  and  K-rich  coexisting  phase,  >  25 
wt%  K20,  both  unusual. 

Cpx  coexisting  with  phlogopite:  Data  from  Luth  (1997)  yield  a  Cpx/PhlDK  of  0.013  to  0.08  from  1250 
to  1400  °C  and  3  to  8  GPa  increasing  upon  P  and  perhaps  decreasing  upon  T  in  Cpx  DL9oErL7  - 
CaTsi.4Kcpxi.4  CaEs0.  That  is  comparable  to  this  author’s  experiments  with  natural  phases  that  yield 
Cpx  of  Di^.TsJds.ioEn-TCaTsi^Kcpxi.sCaEso,  however,  addition  of  K-bicarbonate  maintains  Phi  to 
1500  °C  and  10  GPa  with  apparent  Cpx/phlZ>K  of  0.07  to  0.09  and  Cpx  Di77.7oEn23-26JdiCaTsi  - 
Kcpx3_4CaEso.  Data  from  the  literature  on  xenoliths  with  0.01  to  0.07  wt%  K20  in  diopsidic  Cpx 
coexisting  with  Phi  (e.g.,  Carswell,  1989)  are  not  consistent  with  coexistence  at  mantle  conditions, 
whereas  the  inclusions  of  Phi  and  Cpx  (0.48  wt%  K?0)  in  the  F70  diamond  from  the  Finsch  pipe  of 
Gurney  et  al.  (1979)  are  consistent  with  an  equilibrium  pair  at  about  1200  °C  and  5  GPa. 

Cpx  in  kyanite  eclogite:  Many  of  the  Cpx  analyses  with  cation  deficiencies  are  from  Ky  or  corundum 
eclogites  or  grospydites  (e.g.,  Smyth,  1980;  Smyth  et  al.,  1991)  and  many  have  0.05  to  0.2  wt%  K20 
(e.g.,  D^JdisCaEsioCaTssEnsKcpxi).  Using  the  range  of  partition  coefficients  above,  K-content  in 
Cpx  would  suggest,  a  coexisting  phase  with  up  to  10  wt%  K20;  CaEs/CaTs  above  unity  suggests 
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other  than  anorthite  breakdown  as  the  control.  From  the  experimental  results  above,  a  phase  more 
like  K-feldspar,  perhaps  phengite  or  Phi  (~10  wt.%  K20),  could  be  the  missing  phase  (fictive  or  real) 
to  yield  K-rich  Cpx  in  these  rocks. 
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Kimberlites  and  related  diamond-bearing  igneous  rocks  are  universally  accepted  as  representing 
discrete  magma  types  of  mantle  origin.  Carbonatites,  however,  are  commonly  regarded  as 
“secondary”  magmas  produced  during  the  differentiation  of  silicate  parental  magmas.  Experimental 
and  isotopic  data  now  available  indicate  that  carbonatites  form  directly  from  primitive  carbonate 
mantle  melts  derived  from  sources  with  similar  evolutionary  histories  to  those  producing 
kimberlites. 

Experimental  data 

A  substantial  amount  of  experimental  data  now  exists  to 
show  that  the  near-solidus  melts  of  carbonated  peridotite 
are  magnesian  carbonate  liquids  at  pressures  of  2-3  GPa 
(Wallace  and  Green,  1988;  Sweeney,  1994).  Petrologists 
have  been  somewhat  reluctant  to  accept  that  carbonatites 
found  at  surface  are  indeed  derived  from  such  melts.  This 
is  largely  attributable  to:  (1)  the  perception  that  surface 
carbonatites  are  calcitic  rather  than  dolomitic;  and  (2)  the 
fact  that  the  carbonate  melts  are  formed  at  the  high  pressure 
side  of  a  substantial  (±  150°C)  thermal  maximum  (or 
Figure  1:  Sketch  of  peridotite-C02  solidus  ledge)  in  the  peridotite-C02  solidus  and  should  thus  be 
with  melt  compositions  extinguished  on  ascent  (Fig.  1).  While  calcitic  carbonatites 

are  certainly  dominant  in  areas  of  continental  rifting, 
dolomitic  carbonatites  are  common  in  the  shield  areas  of 
Canada  and  southern  Africa.  These  high  mg#  magnesian 
carbonatites  are  compositionally  similar  to  the 
experimental  melts  suggesting  that  a  mechanism  must  exist 
to  allow  carbonate  melts  to  ascend  to  surface  (Fig.  2). 

Ascending  across  the  solidus,  carbonate  melt  disappears 
through  reaction  with  enstatite  in  the  lherzolite  by  the 
reaction  dolomite  +  4  enstatite  <h->  diopside  +  2  forsterite 
+  2CO2  which  essentially  changes  the  reacted  lherzolite  to 
a  wehrlite.  At  pressures  below  3 GPa  carbonate  melt  can 
occur  in  equilibrium  with  wehrlite  but  is  more  calcic.  If 
ascending  melt  becomes  channelled,  then  it  could  be 
possible  for  batches  of  carbonate  melt  to  ascend  up 
conduits  sheathed  with  protective  linings  of  wehrlite.  In 
this  way  both  evolved  calcic  and  primitive  magnesian  carbonate  liquids  may  ascend  through  the 
mantle.  It  is  obvious  from  these  relationships  that  carbonatites  would  not  be  able  to  carry  mantle 
xenoliths:  indeed  rare  mantle  fragments  are  only  found  in  carbonatite  diatremes  where  emplacement 
from  mantle  depths  is  likely  to  have  been  rapid.  The  reaction  products  of  primitive  carbonate  melts 
with  mantle  lherzolite  have  been  recognised  in  xenolith  suites  from  a  number  of  areas  (e.g.  Rudnick 
et  al. ,  1993;  Ionov  et  al. ,  1993). 


Mg# 


Figure  2:  Compositions  of  southern 
African  carbonatites  compared  with 
experimental  melts 


Wehrlite  Lherzolite 
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Isotopic  data 

Carbonatites  are  characterised  by  a  remarkably  restricted  range  of  SsrSNd  values  -  young  (<200Ma) 
carbonatites  having  less  variability  in  these  parameters  than  oceanic  basalts.  Despite  penetrating 
continental  lithospheres  of  widely  different  ages,  thicknesses  and  complexities,  carbonatites 
(excluding  southern  African  complexes)  contain  no  isotopic  components  not  found  in  oceanic 

basalts,  i.e.  they  contain  no  evidence  of  contributions 
from  enriched  sub-continental  lithospheric  mantle 
(SCLM),  despite  experimental  evidence  suggesting 
derivation  at  lithospheric  mantle  depths.  Most 
carbonatites  plot  within  a  zone  linking  the  oceanic 
island  data  used  to  define  the  HIMU  and  EM-I 
mantle  reservoirs  (Hofmann,  1997)  with  a  smaller 
group  (complexes  from  India,  South  America  and 
Australia)  overlapping  the  EM-II  oceanic  islands  (see 
Fig.3).  Close  correspondence  between  carbonatite 
and  OEB  Ssr-SNd  data  was  used  to  argue  for  a  plume 
origin  for  carbonatites  (Nelson  et  al. ,  1988). 


Figure  3:  8Sr-£Nd  compositions  of  world 
carbonatites  (<200Ma)  compared  with  oceanic 
basalts  (from  Hofmann,  1997) 


Definitive  evidence  for  a  deep  mantle  source  for 
carbonatites  is  provided  by  new  data  from  the  Karoo- 
aged  (185Ma)  Dorowa  and  Shawa  carbonatites  and 
associated  nephelinitic  rocks  of  the  Buhera  district  of  SE  Zimbabwe.  These  nephelinites  are  the 
time  equivalents  of  the  nephelinitic  to  picritic  volcanism  which  initiated  the  Karoo  magmatism  in 
the  Nuanetsi  and  north  Lebombo  (NNL)  regions.  Extensive  studies  of  the  NNL  volcanics  indicate 
that  their  isotopic  characteristics  are  the  result  of  contamination  of  sub-lithospheric  material  with 
SCLM-sourced  isotopically- 

anomalous  partial  melts.  The  Buhera 
nephelinites  have  SsrSNd  values  which 
extend  the  NNL  signatures  to  more 
negative  SNd  values.  By  implication, 
then,  the  Buhera  nephelinites  are 
composed  of  a  greater  proportion  of 
the  SCLM  component  than  the  NNL 
picrites  and  nephelinites.  Dolomitic 
carbonatites  from  the  Shawa  complex 
have  SsrSNd  of  around  (+4,  +1)  and  so 
must  be  derived  from  a  mantle  region 
which  had  not  experienced  the  ancient 
enrichment  reflected  in  the  NNL  and 
Buhera  nephelinitic  rocks.  The 
isotopic  signature  of  the  dolomitic 
sample  from  Dorowa  is  intermediate 
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Figure  4:  8Sr-eNd  data  for  Buhera  carbonatites  and  associated 
nephelinites.  Data  and  interpretation  of  Nuanetsi  picrites  is  from 
Ellam  and  Cox  (1992). 


between  these  extremes  presumably  reflecting  incorporation  of  some  SCLM  component  by  the 
carbonatite  during  ascent.  By  implication,  then,  the  source  of  these  carbonatites  must  lie  below  that 
of  the  enriched  SCLM,  in  the  convecting  mantle.  Furthermore,  the  Dorowa  carbonatite  must  have 
existed  as  a  discrete  carbonate  melt  at  the  time  it  came  into  contact  with  the  enriched  SCLM 
material  from  which  the  nephelinitic  magmas  were  derived. 
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Relationships  between  carbonatites,  kimberlites,  orangeites  and  lamproites 

A  characteristic  shared  between  carbonatites, 

kimberlites  and  lamproites  is  an  extreme  enrichment  in 
incompatible  elements,  enrichment  levels  that 

generally  require  pre-enrichment  of  the  mantle  source 
regions.  Available  sSr-SNd  data  for  kimberlites  and 
carbonatites  are  closely  comparable  (Fig.  5)  suggesting 
derivation  from  similar  source  regions.  The  depleted 
esrSNd  signatures  of  these  rocks  indicate  that  any  pre¬ 
enrichment  must  have  happened  close  to  the  time  of 
magma  genesis.  Experimental  data  reviewed  earlier 
indicate  that  carbonatites  separate  from  the  mantle  at 
depths  of  75-100  km  whereas  kimberlites  must 
separate  at  substantially  greater  depths  than  this.  Data 
such  as  that  from  the  Buhera  carbonatites  suggest  that 
much  of  the  trace  element  budget  in  carbonatites  (Sr  and  LREE  at  least)  is  ultimately  derived  from 
sub-lithospheric  sources.  Lamproites  and  orangeites  are  isotopically  distinct  from  carbonatites  and 
kimberlites  and  indicate  derivation  from  lithospheric  mantle  segments  which  had  long-lived 
enrichments  in  LREE  and  Rb/Sr.  Unlike  kimberlites  and  carbonatites,  enrichment  of  the 
lamproite/orangeite  source  must  have  pre-dated  magmatism  by  >lGa. 
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Figure  5:  esr-^Nd  data  for  carbonatites  (shaded 
box  and  array  -  from  Fig.  3),  kimberlites, 
orangeites  and  lamproites 


Conclusions 

Isotopic  and  experimental  data  indicate  that  carbonatites  are  derived  from  primitive  carbonate  melts 
produced  by  melting  of  carbonated  mantle  peridotite.  Limited  variability  in  BsrSNd  values  in  young 
carbonatites  emplaced  through  widely  dispersed  and  compositionally  diverse  lithospheres  suggest 
that  these  characteristics  are  inherited  from  sub-lithospheric  mantle. 
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The  regolith,  which  is  defined  as  ‘The  entire  layer  or  mantle  of  fragmental  and  loose  material, 
incoherent,  or  unconsolidated  rock  material,  of  whatever  origin  (residual  or  transported),  and  of 
varied  character,  that  nearly  everywhere  forms  the  surface  of  the  land  and  overlies  or  covers  the 
more  coherent  bedrock’  (Gary  et  al,  1972),  strongly  influences  surficial  sampling  methods  in 
diamond  exploration.  Understanding  of  the  regolith-landform  development  forms  an  important 
component  in  evaluating  the  most  suitable  exploration  technique  to  be  applied  for  diamond 
exploration  within  an  individual  terrain.  Knowledge  of  the  regolith-landform  and  the  processes 
involved  in  its  formation  also  enable  a  better  interpretation  of  results  obtained  from  various 
exploration  techniques.  Areas  with  transported  overburden  on  prospective  terrains  are  not  suited  for 
surficial  exploration  techniques  such  as  geochemical  soil  sampling.  Likewise  a  different 
interpretation  has  to  be  placed  on  heavy  mineral  results  obtained  from  the  transported  overburden. 
A  rapid  method  to  evaluate  the  regolith-landform  development  over  large  areas  of  interest  is 
required  if  it  is  to  be  used  successfully.  A  method  suitable  for  this  evaluation  would  be  TM 
imagery,  which  provides  spectral  characteristics  of  the  land  surfaces.  In  order  to  understand  the  full 
implications  of  the  different  TM  spectral  responses,  an  understanding  of  the  controls  of  these 
responses,  and  hence  regolith  development,  is  required.  To  achieve  this,  different  regolith  units 
have  been  evaluated  in  terms  of  their  development  conditions,  geomorphological  setting, 
mineralogy  and  spectral  response.  Changes  and  characteristic  mineralogical  signatures  and  field 
spectral  responses  within  the  regolith  profile  are  discussed  within  this  manuscript. 

During  this  investigation  portable  field  spectrometers  were  used,  which  record  the  spectral  response 
within  the  near-infrared  (NIR)  and  short  wave  infrared  (SWIR)  wavelength  ranges  (Hunt  and 
Ashley,  1979  and  associated  references).  These  instruments  have  been  used  to  characterise  the 
spectral  responses  of  different  regolith  units.  Minerals  typically  detected  by  these  instruments  are 
oxides,  clays,  carbonates,  sulphates  and  other  minerals  exhibiting  hydroxyl  bonds  such  as  micas  and 
amphiboles.  In  the  SWIR  wavelength  range  subtle  changes  in  mineral  structures  can  be  detected 
through  wavelength  shifts,  and  spectral  or  absorption  shape  changes.  Changes  in  the  chemistry  or 
crystal  ordering  of  a  mineral  can  also  be  distinguished  through  changes  in  the  spectral  responses. 
Certain  polytypes  can  be  recognised  and  distinguished  fairly  rapidly  using  the  field  portable 
spectrometers  (Hauff  et  al,  1989).  It  is  these  types  of  features  that  are  of  interest  when  evaluating 
the  spectral  responses  of  different  regolith  material. 

Several  factors  have  an  important  influence  on  the  development  of  the  regolith  and  hence  influence 
the  spectral  signatures  obtained  from  the  different  units.  The  five  main  factors  are: 

•  .  Climate 

•  Nature  of  parent  rock 

•  Landscape/topography  and  drainage 

•  Mechanical  activity 

•  Time 
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Climatic  conditions  have  an  important  control  on  the  development  of  the  regolith  as  temperature 
and  precipitation  influence  the  rates  of  the  chemical  and  physical  processes  responsible  for  the 
profile  development.  In  areas  subjected  to  seasonal  high  rainfall,  succeeded  by  arid  conditions, 
large  fluctuations  in  the  water  table  occur  subsequently  leaching  the  regolith  profile  (Schirrmeister 
and  Storr,  1 994).  The  landscape/topography  also  influences  the  rates  of  the  weathering  processes 
as  certain  land  surfaces  are  more  suited  for  soil  development  than  others.  Areas  of  good  drainage 
are  more  strongly  leached  than  those  of  poor  drainage.  Mechanical  activity  such  as  wind,  water, 
gravity  and  living  organisms  all  have  an  influence  on  the  development  of  the  regolith.  Bioturbation 
recycles  material  within  the  profile  and  changes  in  vegetation  type,  and  distribution,  have 
significant  effects  on  the  regolith.  The  nature  of  the  parent  rock  also  has  a  pronounced  effect  on  the 
mineralogy  and  crystal  structure  of  the  secondary  mineral  phases.  Through  time,  however,  the 
effects  of  the  parent  material  are  diminished.  Time  influences  the  maturity  of  the  soils  and  hence 
also  controls  some  of  the  characteristics  and  development  of  the  regolith.  The  mineralogy,  and 
hence  spectral  responses,  of  the  different  regolith  units  are  therefore  directly  controlled  by  the 
above  factors.  An  understanding  of  the  relationship  between  the  factors  controlling  the  regolith 
development  and  the  resultant  nature  of  the  specific  unit  assists  in  the  selection  of  the  most  suitable 
exploration  method. 


Soil 


Iron  Duricrust 


Mottled  Zone 

(Pmnary  fabrics  replaced  by 
day  or  quartz  rich  secondary 
structures) 


Saprolite 

(>20%  weatherable  minerals  altered. 
Pnmary  fabrics  preserved) 


Saprock 

(<20%  weatherable  minerals  altered) 


Fresh  Rock 


Figure  1 .  A  modified  model  of  weathering  development  in  the  regolith  profile. 


In  regions  where  lateritisation  is  an  important  process,  deeply  weathered  profiles  are  developed. 
Iron  duricrust  is  commonly  formed  in  these  terrains  and  a  typical  lateritic  profile  is  developed.  A 
model  of  a  typical  lateritic  weathering  profile  is  shown  in  the  accompanying  diagram.  In  this 
diagram  the  types,  and  relationships  between  different  regolith  units  are  displayed.  A  model  of  the 
changing  weathering  mineralogy,  based  specifically  on  minerals  and  changes  that  can  be  detected 
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spectrally,  are  also  displayed  on  this  diagram.  Signatures  of  the  original  parent  material  are 
preserved  within  the  primary  or  secondary  minerals  in  the  lower,  less  weathered  regolith  units. 
Crystal  structures  are  influenced  by  the  original  mineralogy,  and  the  ordering  of  certain  minerals 
such  as  kaolinite  are  strongly  influenced  by  the  original  parent  material  Zeese  et  al,  1994). 
Kaolinite  content  initially  increases  higher  in  the  regolith  profile,  but  then  decreases  within  the 
upper  units  where  it  is  replaced  by  oxides  and  hydroxides  as  iron  and  aluminium  are  concentrated 
(Calvert  et  al,  1980).  Kaolinite  ordering  tends  to  decrease  upwards  in  the  profile  but  the  relative 
ordering  tends  to  be  more  strongly  controlled  by  the  original  parent  material.  Ferrous  iron  content 
decreases  as  the  fresh  rock  is  weathered  and  the  ferric  iron  content  is  concentrated  towards  the  iron 
duricrust.  Iron  mineral  species  also  change  through  the  different  regolith  units. 

All  these  mineralogical  changes  have  distinct  spectral  characteristics  that  can  be  detected  through 
the  use  of  field  portable  spectrometers  (Hunt  and  Salisbury,  1970).  Estimates  of  kaolinite 
abundance  can  be  made  using  the  absorption  depths  of  features  characteristic  to  kaolinite.  Kaolinite 
ordering  is  represented  by  changes  in  the  response  of  doublet  absorption  features  typical  for  this 
mineral  (Crowely  and  Vergo,  1988).  Likewise,  the  oxide  species  and  iron  content  can  be  estimated 
from  spectral  information  through  absorption  depths  and  wavelength  changes  of  the  characteristic 
absorption  features.  These  changes  in  spectral  responses  can  assist  in  the  interpretation  of  the 
regolith  within  different  regions. 

Changes  in  regolith-landform  development  can  therefore  be  detected  through  changes  in  the  spectral 
responses  of  the  different  material.  The  interpretation  of  the  regolith  unit  from  the  spectral  response 
is,  however,  complicated  by  several  factors.  Changes  in  the  underlying  lithologies  may  influence 
the  response,  producing  different  units  or  regimes  with  similar  spectral  signatures.  Similarly, 
differences  of  soil  maturity  within  the  area  of  interest  will  effect  the  spectral  response  and 
complicate  the  interpretation.  Nonetheless  differences  within  the  profile  will  be  detected  spectrally, 
but  associating  spectral  responses  to  different  regolith-landforms  remains  complicated.  Further 
work  is  required  to  refine  and  test  these  observations  in  different  terrains. 
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Introduction 

Accepting  the  general  evidence  that  mantle  rock  chemical  compositions  are  dominantly  peridotitic 
or  eclogitic,  oxides  of  the  MgO-FeO  (periclase-wustite)  solid  solution  series  are  only  expected 
under  normal  mantle  physical  conditions  at  depths  equal  to,  or  greater  than,  those  of  the  breakdown 
of  the  (Mg,Fe)2Si04  polymorphs  at  the  boundary  between  upper  and  lower  mantle.  Since  the 
(Mg.Fe)O  inclusions  occurring  in  diamonds  are  dominantly  Mg-rich  we  shall  refer  to  them  as 
ferropericlase  (fPer).  Inclusions  of  fPer  in  diamonds  are  recorded  from  at  least  nine  localities: 
Orroroo,  Monastery,  Koffiefontein,  Sloane,  Sao  Luiz,  River  Ranch,  Letseng-La-Terai,  Guinea  and 
Mwadui.  At  present,  Sao  Luiz  dominates  the  recorded  sample  and  it  is  the  Sao  Luiz  fPer  inclusions 
which  are  of  particular  concern  in  this  paper. 

In  support  of  a  lower  mantle  origin  for  fPer  inclusions,  particular  attention  has  previously  been 
drawn  to  the  potential  association  of  fPer  with  MgSi-perovskite  as  inclusions  in  diamonds,  (Scott- 
Smith  et  al.,  1984;  Moore  et  al.,  1986);  and  such  evidence  is  again  seen  most  widely  in  the  Sao  Luiz 
inclusion  suite  where  not  only  MgSi-perovskite,  but  also  CaSi-perovskite  and  a  phase  of  garnet 
composition,  are  seen  in  association  with  fPer  (Harte  and  Harris,  1994;  Harris  et  al,  1997, 
Hutchison.  1997).  This  association  and  the  fact  that  the  MgSi-perovskite  is  usually  relatively  Al- 
poor  suggests  a  derivation  largely  from  the  shallowest  part  of  the  lower  mantle  (Harris  et  al.,  1997), 
and  this  possibility  may  be  supported  by  the  occurrence  of  some  unusual  pyroxene-like  inclusions 
(Hutchison,  1997).  However,  this  inference  may  relate  more  to  the  time  of  encapsulation  of 
material  in  the  diamonds  and  need  not  imply  the  initial  point  of  origin  of  that  material.  We  raise  the 
possibility  below  that  some  fPer  material  may  derive  in  part  from  the  D”  layer  at  the  base  of  the 
lower  mantle. 

Major,  minor  and  trace  element  compositions. 

Electron  microprobe  analysis  of  all  the  Sao  Luiz  fPer  inclusions  has  been  carried  out  at  Edinburgh 
University.  Mossbauer  spectroscopy  to  yield  Fe3+/(Fe2+-f-Fe3+)  ratios  has  been  done  on  five  Sao  Luiz 
[Per  inclusions  at  Bayerisches  Geoinstitut  (McCammon  et  al.,  1997).  The  Mossbauer  data  show  that 
nearly  all  Fe  in  the  fPer  is  Fe2+,  with  Fe3+/(Fe2++Fe3+)  most  commonly  being  2%.  The  Sao  Luiz 
inclusions  show  an  unusually  wide  range  of  Mg/(Mg+Fe2+)  from  0.38  to  0.85  with  many  inclusions 
showing  values  of  <0.80  (Fig.  1).  This  contrasts  markedly  with  fPer  inclusions  from  other  localities 
(Guinea,  Koffiefontein,  Letseng-La-Terai,  Orrorroo,  Sloane),  with  Mg/(Mg+Fe2+)  usually  >0.85;  the 
most  magnesian  (McDade  and  Harris,  this  volume)  having  0.89  Mg/(Mg+Fe2+).  Only  the  Monastery 
(Per  shows  Mg/(Mg+Fe_+)  extending  to  lower  values  than  Sao  Luiz  (Fig.  1). 

Apart  from  MgO  and  FeO,  other  elements  are  of  minor  amount  with  maximum  wt%  values  in  the 
Sao  Luiz  inclusions  as  follows:  Ti02  0.1,  ALO3  0.3,  Cr204  2.6,  MnO  0.8,  NiO  1.5,  and  Na20  1.3. 
There  is  a  positive  correlation  of  NiO  with  MgO  content,  and  Cr  may  be  more  abundant  in  Mg-rich 
fPer  although  the  correlation  is  poor.  Trace  element  concentrations  in  the  fPer  are  low,  yielding 
values  which  are  chondritic  or  subchondritic  (Harte  et  al.,  1994;  Hutchison,  1997).  For  the  REE,  Y, 
Zr  and  Sr  there  is  a  general  tendency  for  concentrations  to  decrease  with  decreasing  Mg/(Mg+Fe“+). 
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Fig.  1 .  Distribution  of  Mg/(Mg+Fe2+)  composition  for  fPer  inclusions  in  diamonds  from  Sao  Luiz  (dark  grey) 
and  other  worldwide  sources  (pale  grey  with  labels  according  to  locality;  ‘Koffie’  refers  to  Koffiefontein). 

Inclusions  within  the  Sao  Luiz  (Mg,Fe)0  grains 

BSE  observations  made  by  SEM  (for  atomic  number  contrast)  on  fPer  inclusions  from  Sao  Luiz 
indicate  that  approximately  a  quarter  of  them  contain  very  small  elongate  bodies,  which  have  a  high 
back-scatter  intensity.  These  bodies  are  typically  around  1  to  3pm  in  length  and  <0.4pm  wide,  and 
sometimes  appear  to  be  linked  together  in  chains  and  may  show  rough  alignments.  Their  textural 
arrangements  and  size  are  suggestive  of  exsolved  material  nucleated  in  dislocation  arrays.  In  one 
case  (BZ67)  the  tiny  elongate  bodies  appear  to  have  coalesced  into  sinuous  linear  arrays,  possibly 
like  subgrain  walls.  TEM  investigation  of  one  specimen  shows  that  the  elongate  bodies  have  crystal 
structure  reflections  agreeing  well  with  spinels  of  the  MgO.Fe^O^  to  FeO.Fe^O^  (magnesioferrite  to 
magnetite)  solid  solution  series.  Chemical  analysis  by  TEM  of  inclusions  and  by  SEM  of  the 
sinuous  linear  arrays  in  BZ67  strongly  suggests  an  essentially  MgO.Fe^O?  composition  (>95%  of 
the  magnesioferrite  molecule)  for  the  inclusions. 

The  generally  low  Fe3+  contents  of  the  fPer  are  consistent  with  experimental  work  showing 
restriction  of  the  solid  solution  of  Fe3+  in  fPer  at  high  pressures  (McCammon  et  al.,  1995,  and  in 
press).  The  phase  equilibria  suggest  that  the  following  may  be  responsible  for  (Mg,Fe)0.Fe203 
exsolution:  (1)  increasing  pressure;  (2)  decreasing  temperature  (but  probably  unlikely  in  an 
adiabatic  geothermal  gradient  where  it  would  need  to  offset  the  potential  counter-effect  of 
decreasing  pressure);  (3)  increasing  /02.  If  the  exsolution  is  a  response  to  changing  /02  then  it 
would  almost  certainly  have  to  happen  before  encapsulation  of  the  fPer  in  diamond  because  of  the 
slowness  of  oxygen  diffusion  into  diamond. 

Possibilities  of  a  D”  origin  -  a  discussion  with  a  lot  of  ‘ifs\ 

A  most  striking  aspect  of  the  Sao  Luiz  fPer  is  their  wide  range  of  Mg/(Mg+Fe2+)  compositions.  The 
normal  way  of  generating  high-Fe  compositions  in  the  mantle  is  by  crystal  and  melt  partitioning  and 
fractionation,  but  the  composition  range  seen  at  Sao  Luiz  is  extremely  large,  even  if  eclogitic  or 
basic  igneous  starting  compositions  are  used  rather  than  peridotitic  ones.  Within  the  lower  mantle 
itself  melting  processes  are  unlikely  given  the  high  potential  melting  temperatures  compared  with 
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likely  geothermal  gradients  (Zerr  and  Boehler,  1994);  though  this  problem  might  be  averted  by 
imagining  the  differentiation  processes  as  occurring  in  the  upper  mantle  and  being  transported  to  the 
lower  mantle  by  convection  or  subduction.  However,  another  difficulty  facing  a  melt  fractionation 
process  is  that  the  more  Fe-rich  fPer  inclusions  appear  to  have  come  from  an  environment  less-rich 
in  incompatible  elements  than  the  magnesian  fPer,  which  is  the  opposite  of  what  might  be  expected. 

A  potential  way  round  the  high  Fe/Mg  problem  of  some  fPer  would  be  to  speculate  that  these 
compositions  had  come  from  the  D"  zone  of  the  mantle  adjacent  to  Earth's  outer  core.  Knittle  and 
Jeanloz  (1991)  and  Zerr  and  Boehler  (1994)  have  noted  from  experimental  data  the  potential  for 
interaction  of  (Mg,Fe)0  with  molten  Fe  at  the  core-mantle  boundary.  It  also  seems  likely  that  D”  is 
involved  in  lower  mantle  convection  processes  (e.g.  Loper  and  McCartney,  1986),  and  this 
necessarily  implies  the  movement  of  D”  material  to  shallower  regions  of  the  mantle.  The  amount  of 
Fe-rich  material  moved  would  doubtless  be  limited  by  gravitational  effects,  but  the  fPer  inclusions 
are  generally  <200pm  across.  If  mantle  convection  is  layered  with  a  boundary  at  the  lower/upper 
mantle  junction,  then  material  from  D"  may  become  entrained  along  that  junction  at  a  similar  level 
to  that  from  which  silicates  of  the  Sao  Luiz  lower  mantle  suite  appear  to  derive.  Encapsulation  in 
diamond  would  preserve  distinctive  Fe-rich  compositions  before  they  were  lost  by  mixing  with 
normal  more  Mg-rich  mantle  material.  With  a  layered  mantle  convection  system  of  the  type 
described,  the  uppermost  part  of  the  lower  mantle  would  also  form  part  of  a  thermal  boundary, 
within  which  relatively  strong  temperature  gradients  (rather  than  the  adiabatic  ones  of  the  vertical 
limbs  of  the  convective  system)  might  cause  the  (Mg,Fe)O.Fe203  exsolution  from  (Mg,Fe)0.  If  Fe- 
rich  (Mg,Fe)0  inclusions  in  diamonds  have  partly  come  from  D",  they  may  provide  evidence  of 
layered  mantle  convection. 
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The  Difference  between  Sheared  and  Granular  Peridotites 

Hatton,  C.J. 

Anglo  American  Research  Laboratories  (Pty)  Ltd.,  P.O.  Box  106,  Crown  Mines  2025,  Johannesburg. 

Sheared  peridotites  are  often  considered  to  be  derived  by  metasomatism  of  granular 
peridotites  (Ehrenburg,  1979;  Gurney  and  Harte,  1980;  Smith  et  al.,  1993).  However 
the  differences  between  these  two  suites  are  too  profound  for  this  hypothesis  to  be 
tenable. 

Sheared  peridotites  have  rare  earth  and  high  field  strength  element  concentrations 
which  are  close  to  chondritic  (Shimizu,  1975;  BVSP,  1981;  Shimizu  and  Allegre, 
1978).  Depletion  of  sheared  peridotites  is  demonstrated  by  Re-Os  ratios  (Walker  et 
al.,  1989),  and  this  depletion  may  also  be  responsible  for  the  non-chondritic 
CaO/A^Os  ratio  of  sheared  peridotites.  Addition  of  a  majorite  garnet  component,  as 
included  in  Monastery  diamonds,  to  sheared  peridotite  produces  chondritic 
Ca0/Al203  ratios,  but  silica  contents  are  below  the  48-50%  range  of  chondritic  mantle 
(Taylor  and  McLennan,  1985;  Anderson,  1983)  (Table  1).  This  suggests  that  sheared 
peridotites  formed  from  mantle  which  first  lost  silica  to  the  core,  then  underwent 
majorite  extraction.  Majorite,  rather  than  basalt,  is  extracted  becauses  partial  melting 
extracts  low-temperature  melt  from  the  basalt  during  subduction,  and  only  the 
refractory  majorite  or  eclogite  residuum  reaches  the  lower  mantle. 


Si02 

Ti02 

ai2o3 

Cr203 

FeO 

MnO 

MgO 

CaO 

Na20 

K20 

NiO 

Total 

Ca0/Al203 

Si02/MgO 


Average 

mantle 

44.30 

0.09 

2.36 

0.43 

8.31 

0.13 

41.64 

2.20 

0.23 

0.04 

0.27 

100.00 

0.93 

1.06 


Majorite 

extract 

42.08 

0.99 

17.74 

0.04 

15.09 

0.29 

11.12 

12.03 

0.71 


100.10 

0.68 

3.78 


Primitive 

Mantle 

McD&S 

45.00 

0.20 

4.45 

0.38 

8.05 

0.14 

37.80 

3.55 

0.36 

0.03 

0.25 

100.21 

0.80 

1.19 


Primitive 

Mantle 

Calculated 

44.01 

0.21 

4.36 

0.38 

9.19 

0.15 

37.67 

3.48 

0.29 

0.03 

0.23 

100.01 

0.80 

1.17 


Table  1.  Composition  of  Primitive  Mantle  calculated  by  addition  of  0.87  Average 
Mantle  (Herzberg,  1993)  and  0.13  Monastery  Majorite  sub-population  (Moore  et 
al.,  1991;  Hatton,  1993).  Primitive  Mantle  of  McDonough  and  Sun  (1995)  is 
presented  for  comparison. 


Granular  peridotites  have  heavy  rare  earth  and  titanium  contents  which  are  much 
lower  than  chondritic  (Shimizu,  1975;  BVSP,  1981;  Shimizu  and  Allegre,  1978). 


Only  very  severe  depletion,  in  multiple  depletion  events  which  culminated  in 
komatiite  extraction,  can  account  for  this.  A  two-stage  melting  event,  involving 
extraction  of  iron-rich  basalt,  followed  by  komatiite  extraction  is  shown  in  Table  2. 
The  source  rock  has  high  silica,  and  could  have  originated  from  chondritic  mantle, 
possibly  added  to  the  earth  by  impact  after  earlier  extraction  of  Si  to  the  core 
(Herzberg,  1993). 


Kaapvaal 

Barberton 

49J 

Iron-rich 

ACH7 

Primitive 

Primitive 

Peridotite 

komatiite 

Source 

basalt 

Source 

Mantle 

Mantle 

PHN4265 

49J 

Calculated 

ACH7 

Calculated 

ACH7 

Source-Si 

McD&S 

Si02 

48.13 

46.01 

47.80 

52.66 

48.80 

45.00 

45 

Ti02 

0.01 

0.2 

0.04 

0.64 

0.16 

0.17 

0.2 

ai2o3 

1.56 

3.54 

1.87 

12.66 

4.08 

4.38 

4.45 

Cr203 

0.41 

0.42 

0.41 

0 

0.33 

0.35 

0.38 

FeO 

5.6 

11.03 

6.44 

11.16 

7.41 

7.96 

8.05 

MnO 

0.11 

0.21 

0.13 

0.19 

0.14 

0.15 

0.14 

MgO 

43.13 

32.63 

41.50 

9.8 

35.00 

37.60 

37.8 

CaO 

0.69 

5.05 

1.37 

10.53 

3.24 

3.49 

3.55 

Na20 

0.08 

0.47 

0.14 

2.37 

0.60 

0.64 

0.36 

K20 

0.03 

0.19 

0.05 

0 

0.04 

0.05 

0.03 

NiO 

0.25 

0.25 

0.25 

0 

0.20 

0.21 

0.25 

Total 

100 

100 

100.00 

100 

100.00 

100.00 

100.21 

Table  2.  Source  of  Barberton  komatiite  calculated  by  adding  0.155  komatiite  49J 
(Sun  and  Nesbitt,  1978)  and  0.845  Kaapvaal  Peridotite  PHN4265  (Boyd  and 
Mertzman,  1987;  Herzberg,  1993);  source  of  iron-rich  basalt  calculated  by 
adding  0.205  Iron-rich  basalt  ACH7  (BVSP,  1981)  and  0.795  Barberton  source; 
Primitive  Mantle  calculated  by  subtracting  14%  of  total  Si  from  ACH7  source. 
Primitive  Mantle  of  McDonough  and  Sun  (1995)  is  presented  for  comparison. 

Metasomatism  of  granular  peridotite  is  required  to  increase  light  rare  earth  contents. 
This,  together  with  the  very  high  degrees  of  melting  during  their  genesis,  is  attributed 
to  a  volatile-rich  system.  Granular  peridotites  formed  relatively  late,  after  addition  of 
volatiles  to  the  earth  by  CM  meteorites  (Hatton,  1997).  The  source  of  sheared 
peridotites  developed  earlier,  soon  after  the  moon-forming  impact  which  devolatilised 
the  earth. 

References. 

Anderson  DL  (1983)  Chemical  composition  of  the  mantle.  Journal  of  Geophysical 
Research  88(Suppl  ):  B41-B52. 

Boyd,  F.R.,  Mertzman,  S.A.  (1987)  Composition  and  structure  of  the  Kaapvaal 
lithosphere,  southern  Africa.  In  Mysen  BO  (editor)  Magmatic  Processes: 
Physiochemical  Principles.  Geochemical  Society,  Special  Publication  1:13-24. 

Basaltic  Volcanism  Study  Project  (1981).  Basaltic  volcanism  on  the  Terrestrial 
Planets.  Pergamon  ,  New  York.  1286  pp. 


312 


Ehrenburg,  S.N.  (1979)  Gametiferous  ultramafic  inclusions  in  minette  from  the 
Navajo  Volcanic  Field,  in  Boyd,  F.R.,  Meyer,  H.O. A.  (editors)  The  Mantle  Sample. 
Inclusions  in  Kimberlites  and  Other  Volcanics.  American  Geophysical  Union, 
Washington  DC.  Proceedings  of  the  Second  International  Kimberlite  Conference  vol. 
2,  pp.  330-334. 

Gurney,  J.J.,  Harte,  B  (1980)  Chemical  variations  in  upper  mantle  nodules  from 
southern  African  kimberlites.  Philosophical  Transactions  of  the  Royal  Society  of 
London  A297:273-293. 

Hatton,  C.J.  (1993)  Monastery  majorite  garnets  -  deep  mantle  subduction  and  origin 
of  asthenospheric  diamonds.  AARL  internal  report  KR93/391 . 

Hatton  CJ  (1997)  The  superocean  cycle.  South  African  Journal  of  Geology  100:301- 

310. 

Herzberg,  C.T.  (1993)  Lithosphere  peridotites  of  the  Kaapvaal  craton.  Earth  and 
Planetary  Science  Letters  120:13-29. 

McDonough,  W.F.,  Sun,  S-s  (1995)  The  composition  of  the  Earth.  Chemical  Geology 
120:223-253. 

Moore,  R.O.,  Gurney,  J.J.,  Griffin,  W.L.,  Shimizu,  N.  (1991)  Ultra-high  pressure 
garnet  inclusions  in  Monastery  diamonds:  trace  element  abundance  patterns  and 
conditions  of  origin.  European  Journal  of  Mineralogy  3:213-230. 

Shimizu  N  (1975)  Rare  earth  elements  in  garnets  and  clinopyroxenes  from  garnet 
lherzolite  nodules  in  kimberlites.  Earth  and  Planetary  Science  Letters  25:26-32. 

Shimizu  N,  Allegre  CJ  (1978)  Geochemistry  of  transition  elements  in  garnet 
lherzolite  nodules  in  kimberlites.  Contributions  to  Mineralogy  and  Petrology  67:41- 

50. 

Smith,  D  ,  Griffin,  W.L.,  Ryan,  C.G.  (1993)  Compositional  evolution  of  high- 
temperature  sheared  lherzolite  PHN1611.  Geochimica  et  Cosmochimica  Acta 
57:605-613. 

Sun,  S-S.,  Nesbitt,  R.W.  (1978)  Petrogenesis  of  Archaean  ultrabasic  and  basic 
volcanics:  evidence  from  rare  earth  elements.  Contributions  to  Mineralogy  and 
Petrology  65:301-325. 

Taylor  SR,  McLennan  SM  (1985)  The  Continental  Crust:  its  Composition  and 
Evolution.  Blackwell  Scientific  Publications,  Oxford,  312  pp. 

Walker,  R.J.,  Carlson,  R.W.,  Shirey,  S  B.,  Boyd,  F.R.  (1989)  Os,  Sr,  Nd,  and  Pb 
isotope  systematics  of  southern  African  peridotite  xenoliths:  Implications  for  the 
chemical  evolution  of  subcontinental  mantle.  Geochimica  et  Cosmochimica  Acta 
53:1583-1595. 


313 


The  Kimberlite-Megacryst  link  at  Monastery  Mine 
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The  megacryst  suite  at  Monastery  Mine  is  divided  into  two  suites;  the  Main  Silicate 
Suite  and  the  Phlogopite  Suite.  Evolution  of  both  suites  was  by  simple  fractional 
crystallisation  from  two  distinct  primary  magmas. 

The  Main  Silicate  Suite  consists  of  the  following  assemblages; 

•  Orthopyroxene  (mg#<92) 

•  Olivine-orthopyroxene-clinopyroxene-gamet 

•  Olivineo.57-orthopyroxeneo.i9-clinopyroxeneo.o7i-gameto.i2-ilmeniteo.o5 

•  Calciteo.6-serpentineo.35-ilmeniteo.05 

•  Calcite0.95-ilmenite0.05-zircon0.0001. 

The  presence  of  calcite  and  serpentine  as  inclusions  in  ilmenite  is  documented  by 
Kirkley  (1987)  and  their  high  modal  abundance  is  inferred  by  Nb-Zr  fractionation 
trends  which  show  that  ilmenite  must  be  a  minor  component  of  fractionating 
assemblages  (Moore  et  al.,  1992).  The  absence  of  serpentine  from  the  calcite- 
ilmenite-zircon  paragenesis  is  shown  by  the  increase  in  MgO  content  of  ilmenite 
during  fractionation  of  this  assemblage.  The  absence  of  silicates  from  the  calcite- 
bearing  parageneses  is  inferred  by  increasing  Cr  in  ilmenite  during  their  fractionation. 

The  Phlogopite  suite  consists  of 

•  Orthopyroxene  (mg#>92) 

•  Phlogopite-ilmenite 

•  Phlogopite-olivine  (mg#<83)-ilmenite-zircon. 

Assemblages  coexisting  with  zircon  were  included  in  a  single  group  (Group  2)  by 
Moore  et  al.  (1992)  and  the  higher  Mg  content  of  ilmenite  in  the  phlogopite-olivine- 
ilmenite-zircon  paragenesis  was  attributed  to  the  influx  of  new  magma;  here  this 
paragenesis  is  simply  regarded  as  the  fractionated  successor  to  the  phlogopite-ilmenite 
paragenesis  (Group  3  of  Moore  et  al.,  1992). 

High  mg#  orthopyroxene  is  included  in  the  Phlogopite  Suite  because  phlogopite  has 
mg#  1  unit  lower  than  coexisting  orthopyroxene  (Nixon  and  Boyd,  1973)  so 
phlogopite,  with  mg#  up  to  91,  could  succeed  orthopyroxene  with  mg#  92. 

Crystallisation  of  monomineralic  orthopyroxene,  without  olivine,  is  difficult  to 
explain  if  the  melting  assemblage  is  garnet  lherzolite.  The  hypothesis  offered  here  is 
that  the  melting  assemblage  contained  sufficient  kyanite-  or  coesite-bearing  eclogite 
to  drive  the  initial  cumulate  assemblage,  normally  expected  to  contain  olivine,  onto 
the  eclogite  thermal  divide  which  separates  silica-oversaturated  assemblages  from 
olivine-bearing  assemblages.  Crystallisation  of  monominerallic  orthopyroxene  is 
permissible  in  the  plane  of  the  eclogite  thermal  divide  (O’Hara  and  Yoder,  1967). 
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Involvement  of  an  eclogitic/pyroxenitic  assemblage  in  the  Monastery  megacryst 
suites  is  supported  by  radiogenic  Os  in  ilmenite  (Carlson  and  Bell.  1997).  More 
generally  a  mixed  peridotite-eclogite  mantle  has  been  proposed  in  the  source  of 
oceanic  magmas  (Schiano  et  al.,  1997  and  refs,  therein).  Mantle  inhomogeneity,  on  a 
scale  of  8  km,  is  supported  by  seismic  data  (Hedlin  et  al.,  1997).  The  major  isotopic 
components  of  the  mantle.  DMM,  EM2,  EMI  and  HIMU  (Zindler  and  Hart,  1986) 
could  therefore  be  present  in  heterogeneous  mantle  plumes.  The  EM  1  signature  is  not 
prominent  is  South  African  Cretaceous  kimberlites,  so  the  genesis  of  the  Monastery 
megacrysts  is  considered  in  terms  of  a  rising  plume  containing  DMM,  EM2  and 
HIMU  components.  The  HIMU  component  is  considered  to  be  volatile-rich  because 
its  presence  enhances  melting;  Hanan  and  Schilling  (1997)  record  that  the  higher  the 
proportion  of  HIMU-like  component,  the  higher  the  extrusion  rate  of  lava,  and 
Chauvel  et  al.  (1992)  calculated  that  the  depth  and  temperature  of  melting  was  highest 
in  HIMU  rocks. 

The  first  melt  extract  from  the  Monastery  plume  provided  the  source  magma  for  the 
Main  Silicate  Suite.  Reaction  between  peridotitic  DMM  and  eclogitic  EM2  resulted 
in  orthopyroxene  crystallisation,  prior  to  crystallisation  of  the  usual  mantle 
assemblage  of  olivine-orthopyroxene-clinopyroxene-gamet.  Enhancement  of  Ti 
levels  by  the  EM2  component  brought  ilmenite  onto  the  liquidus.  The  volatile 
contribution  from  HIMU  then  led  to  calcite  and  serpentine  crystallisation  from 
highly  fractionated  magma. 

The  rise  of  the  plume  was  stalled  by  the  subcontinental  lithosphere.  Fluxing  of  the 
hot  plume  by  volatiles  in  the  lithosphere,  dominantly  provided  by  phlogopite, 
generated  a  high  mg#  second-stage  melt,  parental  to  the  Phlogopite  Suite.  The 
lithosphere  contribution  is  manifested  by  high  87Sr/X6Sr  ratios  in  phlogopite 
megacrysts  (Allsopp  and  Barrett,  1975). 

Finally,  melt  derived  from  the  volatile-rich  HIMU  component  of  the  cooling  plume 
ponded  to  form  the  Monastery  kimberlite,  which  transported  the  crystallised  products 
of  the  two  earlier  melts  to  the  surface. 
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Introduction 

Very  few  chemical  or  isotopic  techniques  exist  to  investigate  the  history  and  formation  conditions 
of  natural  diamonds.  Natural  diamonds  themselves  contain  few  chemical  impurities  (N,  B,  H,  fluid 
inclusions),  but  often  contain  silicate  and  sulfide  mineral  inclusions  which  are  usually  considered  to 
be  syngenetic.  Detailed  studies  on  natural  diamonds  have  utilized  a  variety  of  strategies  to  infer  the 
age  systematics  and  formation  conditions  of  natural  diamonds;  these  include  examining  large  numbers 
of  diamonds  from  individual  locales  (Deines,  1980),.  the  isotopic  systematics  of  pooled  silicate 
inclusions  (Richardson  et  ah,  1984),  isotopic  work  on  fragments  of  individual  diamonds  (Boyd  et  al., 
1987,  1994),  optical,  CL  and  FTIR  N-aggregation  studies  of  individual  diamonds  (Bulanova  and 
Milledge,  1995),  and  trace  element  systematics  in  individual  silicate  inclusions  (Shimizu  and  Sobolev, 
1995).  Despite  a  large  number  of  studies,  there  remains  much  debate  on  two  central  issues  in 
diamond  genesis,  namely  (1)  the  timing  of  diamond  formation  (e.g.  old  or  young)  relative  to 
emplacement  by  kimberlite  magmatism,  and  (2)  whether  isotopic  variability  among  mantle  diamonds 
and  their  inclusions  relates  to  source  variability  or  isotopic  fractionation  during  diamond  growth.  In 
part,  this  continued  debate  may  be  the  result  of  inclusion  studies  and  diamond  studies  being 
decoupled  from  each  other,  with  few  individual  inclusion-bearing  diamonds  getting  the  complete 
analysis  available  by  modem  techniques.  Recent  studies  examining  the  Re-Os  (Pearson  et  al.,  1998) 
and  Pb-Pb  (Rudnick  et  al.,  1993)  isotope  systematics  of  individual  diamond  inclusions  have  begun 
unravel  some  of  these  questions,  and  our  objective  is  to  add  to  these  studies  by  investigating  the 
micro-scale  geochemistry  of  C  and  N  isotopes  within  the  individual  diamonds  themselves. 

Ion  Probe  Methods 

A  technique  has  been  developed  using  secondary  ion  mass  spectrometry  (SIMS)  to  investigate 
variations  in  N  abundance,  815N,  and  5  13C  within  a  number  of  inclusion-bearing  natural  diamonds 
from  locations  in  Siberia  and  southern  Africa.  Carbon  isotopes  are  measured  using  a  Cs+  ion  beam 
(0.5-2  nA)  and  collecting  negatively-charged  C~  ions  at  low-mass  resolution  and  high  energy  offset 
(+250  ±100  eV),  with  a  reproducibility  and  accuracy  of  ±0.3%o  on  813C.  Nitrogen  isotopes  are 
measured  using  a  Cs+  ion  beam  (5-40  nA,  depending  on  N  concentration)  and  collecting  negatively- 
charged  CN"  molecules  at  high  mass  resolution  (MRP=9000);  such  high  mass  resolution  is  required  in 
order  to  completely  eliminate  13C2  interference  on  12C14N  at  the  lowest  N  abundances. 
Reproducibility  of  515N  is  ±l-3%o  depending  on  N  concentration;  N  abundances  are  measured  from 
the  ratio  12C14N/13G  calibrated  against  FTIR  measurements  on  homogeneous  octahedral  growth 
zones  of  natural  diamonds.  Analysis  of  Type-II  diamond  plates  demonstrates  a  detection  limit  of 
better  than  5-10  ppm  for  N  abundance.  These  analyses  are  made  with  a  spatial  resolution  of  40  pm, 
limited  by  the  spot  sizes  necessary  for  precise  N  isotope  data. 
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Isotopic  Variations  in  Siberian  Diamonds 

These  microanalytical  techniques  have  allowed  us  to  investigate  the  C  and  N  isotope  variations  in 
previously  well-characterized  diamonds,  concentrating  on  CL-defmed  growth  zones  and  sectors 
within  polished  diamond  plates.  Our  approach  is  exemplified  by  the  variations  within  two  Siberian 
diamonds,  #1013  (E-type,  Mir)  and  #3648  (P-type,  Udachnaya).  #1013  is  most  likely  E-type  based 
on  the  occurrence  of  adjacent  zones  with  highly  different  N  concentrations  and  aggregation  states; 
such  features  are  found  only  in  E-type  diamonds  at  Mir.  The  internal  structure  of  #1013  is  fairly 
typical  of  Siberian  diamonds,  with  a  core  of  poor-quality  diamond  surrounded  by  clear  octahedral 
growth.  The  central  region  shows  considerable  birefringence,  indicative  of  strain.  CL  imaging  of  the 
central  plane  shows  an  irregular  core  (50-60  jim  diameter)  surrounded  by  600  pm  of  complex 
oscillitory  zoning,  followed  by  a  1200  pm  clear,  sharp-edged  octahedral  rim  with  uniform  CL 
brightness.  CL  brightness  correlates  with  N  abundance,  with  the  central  region  being  highly  variable 
(13-1300  ppm)  and  the  octahedral  rim  being  fairly  uniform  at  1200  ppm.  Nitrogen  in  the  central 
region  is  highly  aggregated  (avg  75%  B),  implying  prolonged  residence  at  lithospheric  mantle 
temperatures  (2.9  Ga  at  1 190°C);  the  octahedral  rim  N  is  much  less  aggregated  (avg  10-20%  B),  and 
demonstrate  very  different  thermal  histories  for  the  core  and  rim  of  this  diamond.  Isotopic  variations 
in  the  zoned  diamond  core  are  large  (total  ranges  of  10.5%o  in  513C  and  26%o  in  515N  );  two  spots 
near  the  center  of  the  diamond,  separated  by  only  50  pm,  have  very  different  813C  (-8.8%o,  -5.8%o), 
815N  (+3.3%o,  -15.6%o)  and  N  abundance  (1130  ppm,  14  ppm).  The  unzoned  octahedral  rim  is 
uniform  in  both  813C  (-4.3±0.2%o)  and  815N  (-1 1.2+0. 9%o)  to  within  the  precision  of  the  analyses. 

P-type  diamond  #3648  from  Udachnaya  is  structurally  complex,  with  no  good  areas  of  octahedral 
growth.  In  CL  images,  the  diamond  shows  three  distinct  growth  zones.  The  central  cubo-octahedral 
zone  is  CL-blue  and  containd  a  cluster  inclusions  of  sulfide,  wiistite  and  Mg-rich  olivine  (F093).  The 
intermediate  zone  is  a  lighter  CL-blue  octahedral  zone  which  also  contains  sulfides.  Growth  lines  in 
this  zone  are  truncated  by  the  outer  zone,  which  is  non-luminescent  but  also  contains  sulfides  which 
appear  to  be  open  to  the  diamond  surface  through  fractures.  The  central  and  intermediate  sulfides 
give  unequivocally  old  Re-Os  ages  (3. 1-3.5  Ga),  while  the  rim  sulfides  may  have  exchanged  with  the 
surrounding  mantle  or  host  kimberlite  (Pearson  et  al.,  1998).  Nitrogen  is  highly  aggregated  in  the 
central  zone  (300-400  ppm  N,  60-75%  B),  while  the  rim  is  lower  in  N  and  is  less  aggregated  (<100 
ppm,  3-30%  B).  Despite  its  complex  internal  zonation,  carbon  and  nitrogen  isotope  variations  in 
#3648  are  less  extreme,  with  513C  ranging  from  -8.9%o  to  -4.6%o  and  815N  from  -3.6%o  to  -7.7%o. 
The  lowest  813C  value  in  particular  is  rather  depleted  in  13C  for  a  P-type  diamond,  but  still  within 
the  range  observed  for  bulk  P-type  diamond  analyses. 

Given  some  of  the  uncertainties  surrounding  ages  determined  by  N  aggregation,  #3648  is  the  only 
one  of  these  two  diamonds  which  we  can  definitively  say  is  ancient.  The  Mir  diamond  #1013  may 
be  younger,  and  young  age  estimates  have  been  previously  reported  for  a  Mir  diamond  (Shimizu  and 
Sobolev,  1995),  but  the  highly  aggregated  N  would  seem  to  suggest  that  it  cannot  be  much  younger 
than  #3648.  Diamond  #1013  shows  more  fine-scale  zonation  in  CL  intensity,  N  abundance,  513C 
and  815N  than  #3648;  is  this  due  to  some  diffusive  homogenization  in  the  (perhaps)  older  #3648?  If 
the  ca.  3  Ga  nitrogen  aggregation  ages  are  correct,  then  the  fine-scale  and  large-amplitude  isotopic 
zonation  in  the  core  of  #1013  must  have  persisted  for  a  similar  length  of  time.  This  is  perhaps  not 
surprising  for  813C  given  that  C  diffusion  in  diamond  is  thought  to  be  extremely  sluggish  even  at  very 
high  temperatures.  Such  zonation  was  not  initially  expected  for  N  isotopes,  which  we  thought  might 
be  much  more  mobile.  However,  from  kinetic  studies  of  N  aggregation  (Taylor  et  al.,  1996),  it 
appears  that  the  aggregation  process  is  one  in  which  N  atoms  move  only  very  small  distances,  on  the 
order  of  tens  to  hundreds  of  unit  cells  (much  smaller  than  the  spatial  resolution  of  the  ion  probe).  As 
a  result,  the  kinetics  of  N  aggregation  are  not  the  same  as  the  kinetics  of  N  self-diffusion  through  the 
diamond  lattice,  and  there  is  no  data  on  the  latter  phenomenon  which  might  constrain  the  time  scale 
for  preservation  of  the  large-amplitude  815N  zonation  seen  in  #1013.  If  the  N  aggregation  ages  for 
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#1013  are  taken  at  face  value,  then  the  kinetics  of  "aggregated"  N  diffusion  would  appear  to  be 
extremely  slow,  but  the  diffusivity  of  other  forms  of  N  (e.g.  single  atoms)  is  unknown.  Work  is 
currently  underway  to  evaluate  possible  515N  fractionation  during  N  aggregation  (though  we  expect 
this  to  be  minor),  and  the  kinetics  of  N  self  diffusion  in  diamond,  in  order  to  understand  better  the 
origin  and  preservation  of  small-scale  515N  variability. 
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A  group  of  igneous  bodies  with  mafic  to  ultramafic  affinity  was  recently  discovered  in  the  vicinity  of 
CeSar  Mountain  in  the  southern  Green  River  Basin  of  southwestern  Wyoming  in  the  western  United 
States.  The  diatremes  cluster  at  the  southern  margin  of  a  2500  km2  anomalous  region  containing 
detrital  mantle-derived  ’kimberlitic'  indicator  minerals.  These  minerals  are  found  in  ant  mounds  and 
adjacent  soils  in  Wyoming,  in  the  Bishop  Conglomerate  (Oligiocene?)  in  Wyoming  and  Colorado, 
and  in  stream  sediment  samples  along  the  northern  flank  of  the  Uinta  Mountains  in  northern  Utah. 
The  significance  of  this  anomaly  was  first  recognized  by  McCandless  (1982)  who  identified  the 
mineral  grains  as  mantle-derived  minerals  of  possible  kimberlitic  origin.  The  source  of  the  detrital 
indicator  mineral  anomalies  in  eluded  researchers  until  the  discovery  of  1 1  cryptovolcanic  igneous 
bodies  along  the  southwestern  flank  of  Cedar  Mountain  near  the  Utah  border  by  R.E.  Kucera. 

The  breccia  diatremes  and  dikes  occur  near  Cedar  Mountain,  along  a  north-south,  10-20  kilometer 
lineament  in  the  Bridger  Formation  (Eocene),  and  lie  along  a  regional  trend  defined  by  the  Leucite 
Hills  lamproites  to  the  northeast,  and  the  Francis  lamproites  to  the  southwest.  The  Cedar  Mountain 
diatremes  are  on  the  southern  margin  of  the  Green  River  Basin,  a  topographic  and  structural  basin 
filled  with  Cretaceous  and  Tertiary  sedimentary  rocks  that  cover  the  southern  margin  of  the  Archaean 
Wyoming  Craton.  The  largest  diatreme  in  the  group,  the  DK  pipe,  measures  130  by  250  meters  and 
is  a  greenish-grey  breccia  with  abundant  lithic  sedimentary  fragments  from  underlying  strata. 
Additionally,  the  breccias  contain  crystalline  basement  xenoliths,  mantle-derived  eclogite  nodules, 
and  kimberlitic  indicator  minerals. 

Geophysical  surveys  over  the  DK  diatreme  showed  the  breccia  to  be  conductive;  however,  the  clay- 
rich  Bridger  Formation  country  rock  yielded  higher  conductivity  than  the  pipe  breccia  resulting  in  a 
relative  conductivity  low.  Magnetic  surveys  yielded  weak,  positive  anomalies.  Another  potential 
breccia  pipe  was  identified  by  geophysics  12  kilometers  northeast  of  the  Cedar  Mountain  diatremes  in 
late  1997.  Reconnaissance  magnetic  surveys  in  this  region  have  detected  several  circular  to  irregular 
and  elongate  anomalies  (Guardian  Resources,  Press  Release,  Nov.  25,  1997). 

Selected  breccia  matrix  samples  yielded  67.66-44.08%  Si02, 0.47-0.27%  Ti02,  9.86-5.25%  AI2O3, 
5.13-2.82%  Fe203,  0.22-0.04%  MnO,  14.95-4.29%  MgO,  17.99-5.10%  CaO,  1.75-0.57%  Na20, 
2.49-1.41%  K20,  0.56-0.22%  P205,  17.77-6.6%  LOI,  0.14-0.07%  Cr203,  and  755-256  ppm  Ni, 
and  5.44%  CO2.  The  MgO  content  is  low  and  the  Si02  content  is  high  compared  to  average 
kimberlite,  and  the  chemistry  also  does  not  appear  to  be  comparable  to  lamproite.  However,  the  Ni 
and  Cr  signatures  suggest  contribution  from  a  mafic  to  ultramafic  source.  Back-scatter  microprobe 
analysis  completed  at  the  University  of  Washington  on  the  rock  matrix  shows  cryptocrystalline  silica. 
The  matrix  contains  no  identifiable  magmatic  component  and  may  be  the  result  of  a  gas-solid  mixture 
which  disrupted  the  overlying  Bridger  Formation  (Tony  Irving,  pers.  comm.,  1996).  Possibly,  these 
cryptovolcanic  structures  represent  disrupted  sediments  overlying  mafic  to  ultramafic  diatremes  at 
depth. 

Indicator  minerals  recovered  from  the  Cedar  Mountain  diatremes  and  dikes  include  garnets, 
pyroxenes  and  oxides,  along  with  some  mini-xenoliths  similar  to  those  found  in  nearby  anthills 
(McCandless  and  Nash,  1996).  Both  peridotitic  and  eclogitic  garnets  occur  in  the  mineral 
assemblage.  Microprobe  analyses  indicate  the  garnet  suite  includes  peridotitic  garnets  with 
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dominantly  calcic  G9  pyrope  compositions,  and  eclogitic  pyrope-almandine  garnets  with  low  sodium 
(<0.06  wt.%  Na20)  content.  All  but  one  pyroxene  from  this  suite  yielded  K2O  <0.07%.  The 
exception  was  a  cdcic  chromian  diopside  of  peridotitic  paragenesis  that  yielded  0.10%  K2O 
suggesting  probable  origin  within  the  diamond  cogenetic  field.  Ilmenites  yielded  4.8-7.0  wt.%  MgO, 
and  0.0-4.5  wt.%  Cr2&3  typical  of  kimberlitic  ilmenites  (the  compositions  suggest  favorable 
conditions  for  diamond  preservation).  Chrome  spinels  yielded  14.5-57.0  wt.%  0*263  and  0.0-19.7 
wt.%  MgO. 

Thirteen  garnet-pyroxene  mini-xenoliths  recovered  from  the  DK  pipe  contained  garnets  with  high 
almandine  content  suggesting  a  granulite  (lower  crustal)  source.  Four  other  xenoliths  yielded 
magnesian  pyrope-almandine  (Group  II)  garnets  of  probable  eclogitic  origin.  None  of  the  garnets 
contained  elevated  Na20  which  suggests  they  originated  at  depths  too  shallow  for  diamond  stability. 
McCandless  and  Nash  (1996)  determined  that  omphacite/pyrope-almandine  intergrowths  found  in  the 
anthills  originated  at  depths  of  40-60  kilometers,  and  chrome  pyrope/chrome  diopside  pairs  originated 
at  depths  of  50-90  kilometers. 

There  are,  however,  unverified  reports  of  diamonds  found  in  the  region.  These  include  5  diamonds 
mmored  to  have  been  found  by  a  diamond  exploration  company  in  the  early  1980s.  Four  diamonds 
were  also  reportedly  found  in  the  Butcherknife  Draw  area  to  the  north  several  years  ago  (Paul  and 
Jean  Miller,  pers.  comm.,  1994).  The  Butcherknife  Draw  area  lies  within  the  area  with  abundant 
kimberlitic  indicator  mineral-bearing  ant  mounds.  One  of  the  diamonds  was  cut  in  Germany  and 
mounted  in  a  ring.  The  stone  measures  0.3  inch  across  and  was  confirmed  as  diamond  by  a 
gemmologist  using  a  GEM  diamond  tester  (Wayne  Sutherland,  pers.  comm.,  1995). 

The  diatreme  indicator  mineral  suite  is  nearly  identical  to  the  regional  detrital  suite,  which  also 
includes  chromian  diopside,  chromian  enstatite,  pyrope  garnet,  pyrope-almandine  garnet,  ilmenite, 
chromite,  and  salitic  pyroxene  (McCandless  et  al.,  1995).  Extensive  drainage  sampling  in  the  Uinta 
Mountains  to  the  south  produced  only  a  few  indicator  mineral  anomalies,  and  no  continuous  mineral 
trains  could  be  established  between  the  Green  River  Basin  and  the  Uinta  Mountains.  In  addition, 
salitic  diopsides  found  in  the  Bishop  Conglomerate  were  not  found  in  the  samples  from  the  Uinta 
Mountains  (McCandless  et  al.,  1995).  Thus,  the  diatremes  are  interpreted  as  the  source  of  at  least 
some  of  the  detrital  indicator  minerals  in  the  area.  However,  the  widespread  distribution  of  indicator 
minerals  in  this  region  suggests  the  presence  of  dozens  of  similar,  undiscovered  diatremes. 
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The  Juina  Kimberlitic  Province  has  drawn  considerable  attention  in  the  literature  due  to  the 
discovery  of  diamond  inclusions  containing  minerals  assemblage  that  indicate  equilibrium 
conditions  typical  of  at  least  the  mantle  transitional  zone  at  depths  of  400-670  km  (Widing  et  al. 
1991;  Harte  and  Harris,  1994;  Harte  et  al.  1994;  Harris  et  al.  1997).  The  Paranatinga  Province  is 
located  between  the  two  main  centers  of  kimberlitic  magmatism  in  Brazil  (Alto  Paranaiba  and 
Juina).  The  age  of  kimberlite  magmatism  in  both  provinces  is  critical  not  only  for  a  better 
understanding  of  the  origin  of  kimberlite  and  related  rocks  in  Brazil  but  also  for  the  understanding  of 
the  temporal  relationship  between  this  kimberlite  magmatism  and  tholeiitic  magmatism  associated 
with  the  Trindade  or  Valvis  Ridge  mantle  plume  activity  (Gibson  et  al.  1995;  Bizzi  et  al.  1993). 

The  Juina  Kimberlitic  Province  is  located  near  the  northern  border  of  the  Paleozoic  Parecis  Basin. 
The  Paratininga  Province  occurs  in  the  middle  portion  of  the  Neoproterozoic  Paraguai-Araguaia 
Fold  Belt  (Fig.  1).  Both  provinces  are  underlain  by  the  Mesoproterozoic  Rio  Negro  -  Juruena  Mobile 
Belt.  These  are  roughly  aligned  in  the  AZ125  mega-lineament  (extending  2500  km)  which  controls 
the  main  alkaline-ultramafic  occurrences  in  Brazil,  from  the  Atlantic  oceanic  crust  to  the  Amazon 
region  near  Bolivia’s  border  (Gonzaga  and  Tompkins  1991).  The  different  geotectonic  settings  that 
host  the  major  alkaline  provinces  in  Brazil  (kamafugites,  carbonatites,  leucitites,  picrites,  kimberlites 
and  lamproites)  along  the  AZ125  lineament  can  be  characterized  by:  a)  Sao  Francisco  cratonic  edge 
(Bambui  Province);  b)  Neoproterozoic  orogenic  belts  (Brasilia  and  Paraguay)  peripheric  to  the  Sao 
Francisco  and  Guapore  Cratons  (Alto  Paranaiba,  Ipora  and  Paranatinga  Provinces)  and  c)  Rio  Negro 
-  Juruena  and  Rondonia  Mesoproterozoic  collisional  sialic  mobile  belts  in  the  southwestern  border 
of  the  Amazon  Craton  (Juina  and  Pimenta  Bueno  Provinces).  The  orogenic  belts  represent  zones  of 
lateral  accretion  of  mainly  juvenile  Proterozoic  crust  (Pimentel  and  Fuck,  1992)  while  the  ensialic 
belts  may  contain  remelted  portions  of  an  older  Transamazonian  crust  (e.g.  Rondonien  Mobile  Belt; 
Tassinari  1984). 

The  kimberlite  intrusions  of  the  Juina  Province  were  emplaced  into  Permo-Carboniferous  fluvio- 
glacial  sediments  and  Mesoproterozoic  granite-gneiss.  In  Paranatinga  they  intrude  a  folded 
metasedimentary  belt  and  unfolded  sediments  related  to  the  cratonic  cover.  Both  provinces  are 
covered  by  Cretaceous/Tertiary  sandstones  of  the  Parecis  Formation.  The  kimberlite  structures  of 
Juina  and  Paranatinga  provinces  represent  a  series  of  distinct  explosions  producing  a  complex 
assemblage  of  pyroclastic  surge  and  fall  deposits. 

U-Pb  Results 

The  U-Pb  results  presented  here  were  determined  on  large  (up  to  1  cm)  mantle  zircon  grains 
obtained  from  three  samples  from  the  Juina  Province  and  one  sample  from  the  Paranatinga  Province. 
Two  of  the  zircon  suites  from  the  Juina  Province  were  obtained  from  separate  kimberlite  intrusions 
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(one  hosted  by  Paleozoic  sediments  and  the  other  by  Mesoproterozoic  granites).  Mantle  zircon  from 
a  third  sample,  also  located  in  the  Juina  province,  was  collected  from  the  Chapadao  diamondiferous 
sediments,  which  are  the  headwaters  of  the  Sao  Luis  Creek.  Mantle  zircon  grains  from  the 
Paranatinga  Province  were  recovered  from  a  kimberlite  intrusive  breccia. 

The  U-Pb  results  for  1 1  mantle  zircon  grains  have  been  obtained  from  these  four  samples.  The  U-Pb 
ages  indicate  two  distinct  periods  of  mantle  zircon  formation  at  1)  91.6-94.6  Ma  and  2)  122.6-127.2 
Ma  which  we  interpret  as  two  episodes  of  kimberlite  magmatism.  In  general,  the  timing  of 
Cretaceous  kimberlite  magmatism  in  the  the  Juina  and  Paranatinga  areas  is  quite  distinct  with 
dominantly  Cenomanian  (91.6-94.6  Ma)  activity  in  the  Juina  area  and  somewhat  older  Barremian 
(122.6-126.3  Ma)  activity  in  the  Paranatinga  area. 

Discussion 

The  U-Pb  mantle  zircon  ages  of  123-126  Ma  obtained  here  for  kimberlites  in  the  Paranatinga  region 
are  consistent  with  those  presented  by  Crough  et  al.  (1980).  Based  on  these  results,  Crough  et  al. 
(1980)  proposed  that  the  Paranatinga  kimberlite  magmatism  is  contemporaneous  with  tholeiitic 
magmatism  formed  along  the  Trindade  hot  spot  track.  In  addition,  Crough  et  al.  (1980)  proposed  that 
the  South  American  plate  migration  progressed  westward  over  the  Trindade  hot  spot.  If  kimberlite 
magmatism  in  the  Juina  and  Paranatinga  areas  is  related  to  such  a  plume  track  then  older  kimberlite 
magmatism  would  be  expected  to  predominate  in  the  Juina  area.  The  U-Pb  mantle  zircon  ages 
obtained  in  this  study  however  document  the  exact  opposite  of  this  prediction  and  indicate  that 
kimberlite  magmatism  in  this  part  of  Brazil  may  be  related  to  some  other  triggering  mechanism  that 
is  not  linked  to  Trindade  mantle  plume  activity. 
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Eclogite  xenoliths  are  abundant  in  the  Jericho  kimberlite  of  the  Slave  craton  in  northern  Canada 
(Kopylova  et  al.,  this  volume;  Cookenboo  et  al.,  this  volume),  including  a  small  proportion  (2  to  3% 
out  of  a  collection  of  206  eclogites)  that  contain  zircon.  Although  zircon-bearing  eclogite  xenoliths 
have  been  reported  from  a  few  orthogneiss  localities,  where  both  the  timing  of  protolith  formation 
and  high  pressure  metamorphism  are  recorded  in  the  U-Pb  zircon  systematics  (e.g.  Peucat  et  al., 
1982;  Paquette  et  al.,  1985;  1995),  zircon-bearing  eclogites  entrained  in  kimberlites  are  extremely 
rare  (e.g.  Chen  et  al.,  1994).  U-Pb  systematics  in  most  zircon-bearing  eclogites  from  Jericho  reveal 
unusual  diffusional  Pb-loss  characteristics  that  point  to  Proterozoic  high  pressure  metamorphism 
beneath  the  Slave  craton.  A  single  zircon-bearing  eclogite  that  experienced  episodic  Pb-loss  provides 
a  preliminary  Proterozoic  age  for  the  metamorphism,  and  supports  the  Jericho  kimberlite 
emplacement  age  of  172±2  Ma  as  previously  reported  from  preliminary  Rb-Sr  studies  of  phlogopite 
(Heaman  et  al.,  1997).  In  order  to  more  precisely  constrain  the  kimberlite  emplacement  age  and  the 
timing  of  Proterozoic  metamorphism,  we  describe  in  this  report:  1)  the  U-Pb  systematics  of  the 
zircon-bearing  eclogites;  2)  recent  Rb-Sr  results  from  phlogopite;  and  3)  initial  Sm-Nd  results  from 
garnet  and  clinopyroxene  separates  from  Jericho  eclogite. 

GEOLOGICAL  SETTING 

The  Jericho  kimberlite  (JD-1)  is  a  diamondiferous  pipe  that  intrudes  ca.  2.6  Ga  and  older  Archean 
granitoid  rocks  of  the  central  Slave  craton,  approximately  150  km  north  of  the  main  cluster  of  pipes 
located  near  the  Lac  de  Gras,  and  400  km  northwest  of  Yellowknife,  Northwest  Territories.  Four 
other  kimberlites  including  the  JD-3  pipe,  7  km  southwest  of  Jericho,  have  been  discovered  in  the 
area  and  all  apparently  belong  to  a  single  kimberlite  field  spatially  separated  from  pipes  near  Lac  de 
Gras  (Cookenboo  et  al.,  1998).  In  addition  to  mantle  xenoliths,  the  pipes  in  the  Jericho  kimberlite 
field  entrained  a  distinctive  population  of  crustal  xenoliths  which  provide  some  geologic  constraint  to 
the  emplacement  age  independent  of  radiometric  dates.  Most  importantly,  Middle  Devonian  (late 
Eifelian  and  early  Givetian  age)  limestones  that  were  deposited  between  approximately  375  to  385 
Ma  (Cookenboo  et  al.,  in  press)  provide  a  maximum  geologic  age  for  the  pipe.  More  tenuously,  the 
lack  of  wood  fragments  and  Upper  Cretaceous  to  Lower  Tertiary  mudstones  at  Jericho,  which  are 
common  in  the  pipes  near  Lac  de  Gras  (Nassichuk  and  McIntyre,  1996),  implies  a  minimum 
emplacement  age  of  pre-Late  Cretaceous  (roughly  100  Ma). 

Rb-Sr  emplacement  age  from  phlogopite 

We  have  obtained  a  total  of  eight  Rb-Sr  phlogopite  analyses  from  various  material,  including 
five  analyses  from  three  macrocrysts  hand-picked  from  kimberlite  (four  from  JD-1  and  one  from  JD- 
3);  two  analyses  from  different  eclogite  xenoliths  (both  from  JD-1)  and  a  single  analysis  from  a 
peridotite  xenolith  from  JD-3.  The  selected  phlogopite  macrocrysts  were  fresh  crystals  generally 
devoid  of  visible  inclusions  or  alteration.  The  majority  of  fractions  were  given  a  dilute  (0.75N)  warm 
HC1  leach  prior  to  dissolution  following  the  rationale  of  Brown  et  al.  (1989).  Phlogopite  macrocrysts 
from  kimberlite  and  the  peridotite  xenolith  typically  have  high  87Rb/86Sr  ratios  (>180)  with 
correspondingly  high  Rb  concentrations  (up  to  885  ppm),  whereas  phlogopite  analyses  from  the  two 
eclogite  xenoliths  have  much  lower  87Rb/86Sr  ratios  (<50),  primarily  a  consequence  of  much  higher 
Sr  contents  (18-24  ppm).  Most  of  the  Rb-Sr  analyses  are  collinear  with  the  exception  of  the  peridotite 
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and  one  eclogite  (MX1)  xenolith  which  plot  below  a  reference  isochron.  Excluding  the  xenolith 
phlogopite  analyses,  the  kimberlite  phlogopite  macrocrysts  define  an  isochron  age  of  171.9±2.6  Ma 
(2a)  with  an  initial  strontium  ratio  of  0.7086±0.0098  (MSWD=0.84).  Considering  the  excellent  fit  of 
these  kimberlitic  phlogopite  analyses  to  a  single  isochron,  the  172  Ma  age  is  interpreted  to  represent 
the  best  estimate  for  the  time  of  kimberlite  emplacement  at  Jericho.  In  fact,  treating  the  JD-1  and  JD- 
3  data  independently  indicates  that  the  emplacement  ages  for  both  samples  are  indistinguishable 
within  about  1  m.y.  Interestingly,  including  the  phlogopite  analysis  from  one  of  the  eclogite  xenoliths 
(MX14)  results  in  a  very  precise  age  of  173±1  Ma  age  with  an  initial  strontium  ratio  of  0.7039±0.015 
(MSWD=0.87)  however  these  results  could  be  misleading  as  there  is  evidence  that  the  xenolith  and 
kimberlite  phlogopites  do  not  have  identical  initial  strontium  ratios.  If  the  172±3  Ma  Rb-Sr 
kimberlitic  phlogopite  age  result  obtained  here  is  an  accurate  estimate  of  timing  of  Jericho  kimberlite 
magmatism,  then  the  Jericho  pipes  represent  the  first  documented  examples  of  mid-Jurassic 
kimberlite  magmatism  in  the  Slave  Province. 

U-Pb  systematics  of  zircon  from  eclogite 

The  U-Pb  results  for  single  zircon  crystals  extracted  from  five  eclogite  xenoliths  are  in 
progress.  The  eclogitic  zircon  grains  investigated  so  far  generally  have  lower  uranium  abundances 
(10-70  ppm)  compared  to  zircon  from  eclogite  xenoliths  within  orthogneiss  (100-300  ppm;  e.g. 
Peucat  et  al.,  1982).  In  detail,  there  are  two  distinct  geochemical  patterns  preserved  in  the  Jericho 
eclogitic  zircon  which  are  best  seen  on  a  plot  of  Th/U  versus  uranium  content.  The  first  pattern 
displays  a  strong  inverse  correlation  between  uranium  content  and  Th/U  ratio  and  occurs  in  moderate 
uranium  level  (>45  ppm)  zircon  grains  analysed  from  xenoliths  MX1  and  MX  10.  In  contrast,  low- 
uranium  (9-33  ppm)  zircon  crystals  from  two  other  eclogite  xenoliths  (MX8  and  MX  12)  generally 
have  very  uniform  Th/U  ratios. 

The  U-Pb  zircon  results,  for  the  most  part,  are  unusual  and  do  not  define  simple  discordia  or 
mixing  lines.  All  the  analyses  are  highly  discordant  (39-69%)  and  there  is  a  large  range  in  model 
207Pb/206Pb  ages  for  zircon  suites  from  individual  xenoliths.  The  most  extreme  range  in  207Pb/206Pb 
ages  was  obtained  for  xenolith  MX  10  (403-1561  Ma).  Of  the  five  eclogite  xenoliths  analysed,  only 
the  zircon  analyses  from  MX  10  closely  approach  a  linear  relationship  where  three  of  four  analyses 
define  a  regression  line  with  an  upper  intercept  age  of  1679±10  Ma  and  a  lower  intercept  age  of 
178±5  Ma  (37%  probability  of  fit),  within  error  of  the  kimberlite  emplacement  age  of  172±3  Ma 
established  from  Rb-Sr  kimberlitic  phlogopite  analyses. 

Sm-Nd  from  eclogite  garnet  and  clinopyroxene  separates 

The  Sm-Nd  isotopic  composition  of  the  eclogite  xenoliths  is  currently  under  investigation  to 
provide  an  independent  estimate  for  the  timing  of  eclogite  metamorphism.  The  preliminary  garnet- 
clinopyroxene  Sm-Nd  results  from  one  eclogite  xenolith  indicates  an  age  of  216  Ma  with  an  epsilon 
Nd  value  of  -5.5.  At  present,  it  is  unclear  whether  this  age  has  geological  significance  or  represents 
partial  equilibration  of  the  Sm-Nd  system  in  the  xenoliths  at  the  time  of  entrainment  as  has  been 
documented  previously  by  Richardson  et  al.  (1985)  for  Bultfontein  garnet  lherzolite  xenoliths.  The 
older  depleted  mantle  model  age  for  the  clinopyroxene  of  1.97  Ga  could  be  support  for 
Paleoproterozoic  eclogite  metamorphism  as  discussed  below. 

DISCUSSION 

The  Rb-Sr  results  for  phlogopite  macrocrysts  from  kimberlite  define  an  age  of  172±3  Ma 
which  is  interpreted  as  the  best  estimate  for  the  emplacement  age  of  both  the  JD-1  and  JD-3  pipes. 
These  results  also  document  for  the  first  time  the  presence  of  Middle  Jurassic  kimberlite  magmatism 
in  the  Slave  Province,  Canada  which  is  distinct  from  Jurassic  kimberlite  magmatism  elsewhere  in 
North  America  (e.g.  155-160  Ma  Kirkland  Lake/T imiskaming  field,  Heaman  and  Kjarsgaard,  1998). 
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The  U-Pb  systematics  of  zircon  isolated  from  eclogite  xenoliths  entrained  in  JD-1  indicate  an 
unusual  behaviour.  Three  of  the  four  xenoliths  investigated  in  detail  do  not  display  a  linear 
relationship  and  record  either  a  complicated  multi-stage  Pb-loss  history  or  represent  paleo-diffusion 
curves  such  as  those  described  by  Peucat  et  al.  (1982).  In  the  latter  case,  combining  the  U-Pb  zircon 
results  obtained  here  with  geothermometry  data  for  the  eclogite  xenoliths  could  provide  a  natural 
example  and  indirect  estimate  for  the  closure  temperature  for  Pb  diffusion  in  zircon.  The  lower 
intercept  age  of  178±5  Ma  for  the  mixing  line  obtained  for  zircon  from  xenolith  MX  10  is  within 
error  of  the  172±3  Ma  emplacement  age  obtained  using  Rb-Sr  phlogopite  macrocrysts  and  provides 
independent  confirmation  of  the  Middle  Jurassic  emplacement  age.  The  U-Pb  zircon  data  also 
indicate  that  a  significant  amount  of  Pb-loss  in  the  zircon  crystals  occurred  at  the  time  of  kimberlite 
emplacement.  The  upper  intercept  age  of  1679  Ma  for  xenolith  MX  10  is  intriguing  and  could  be 
interpreted  in  at  least  two  ways:  1)  the  upper  intercept  age  could  be  interpreted  as  the  protolith  age 
for  the  eclogite  precursor  (as  in  the  case  for  eclogitic  pods  in  orthogneiss);  or  2)  the  1679  Ma  age 
may  reflect  a  minimum  estimate  for  the  time  of  zircon  growth  during  eclogite  metamorphism.  The 
large  size  of  the  zircon  crystals  (up  to  3  mm),  their  low  uranium  content  (<70  ppm)  and  low  Th/U 
ratio  (<0.2)  are  not  typical  of  primary  magmatic  zircon  crystallizing  in  mafic  magmas  (e.g.  Bossart  et 
al.,  1986)  and  so  we  discount  the  first  explanation,  and  favour  the  second  alternative  that  the  1679 
Ma  reflects  a  minimum  age  for  the  timing  of  eclogite  metamorphism.  The  origin  of  Paleoproterozoic 
eclogites  under  the  Slave  craton  remains  enigmatic,  but  could  derive  from  east-dipping  oceanic  crust 
subducted  beneath  the  western  Slave  craton  during  Great  Bear  Magmatic  Arc  time  (1.88-1.84  Ga). 
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Porcupine  Dome  in  southeastern  Montana  is  a  broad  gentle  uplift  about  50?  km  in  diameter,  which 
exposes  Cretaceous  marine  sedimentary  rocks  and  is  underlain  by  uplifted  Precambrian  basement 
rocks  of  the  Archean  Wyoming  Craton.  Igneous  bodies  occur  in  a  zone  that  is  45  km  long,  about  5 
km  wide,  and  is  aligned  N  45  E.  The  zone  includes,  from  west  to  east,  the  Froze-to-Death  Butte 
diatreme  and  plug,  the  Ingomar  dikes  (Geyser  Springs  dikes  of  Doden  and  Gold,  1993b,  and  Mitchell 
and  Bergman,  1991)  on  Ingomar  dome,  the  Johnson  Ranch  diatreme,  the  Gold  Butte  diatreme  and 
plug,  and  the  Stellar  Creek  Butte  diatreme.  Co-linear  dikes  with  trends  N  68  E  to  E-W  are 
associated  with  the  latter  three  diatremes.  Small  breccia  masses  occur  locally  along  the  dikes.  The 
Johnson  Ranch  diatreme  contains  large  descended  xenoliths  of  Paleocene  sedimentary  rocks  (based 
on  pollen  analysis)  and  probable  Eocene  sedimentary  rocks  (based  on  lithology),  which  suggests  a 
post-early  Eocene  age  for  the  igneous  bodies.  K/Ar  dating  attempts  have  been  unsuccessful.  Marvin 
et  al  (1980)  determined  a  phlogopite  age  of  78.6  Ma  that  exceeds  the  probable  Eocene  age  based  on 
sedimentary  xenoliths,  and  indicates  the  presence  of  excess  argon.  Mitchell  and  Bergman  (1991) 
report  that  Ar  40/39  analysis  gave  a  total  gas  age  of  91 .6  Ma  with  no  plateau. 

Partially  altered  peridotite  xenoliths  as  large  as  8x5x3  cm  occur  in  the  Froze-to-Death  Butte  diatreme 
and  in  the  Ingomar  dikes.  Sixteen  of  fifty  peridotite  xenoliths  are  garnet-bearing  in  the  Froze-to- 
Death  Butte  suite.  Sparse  crustal  gneiss  and  granulite  xenoliths  also  occur.  Garnet  and  ilmenite 
xenocrysts,  and  ilmenite  and  olivine  megacrysts  occur  in  Froze-to-Death  Butte,  the  Ingomar  dikes, 
and  in  the  Johnson  Ranch  diatreme^  In  garnet-,  garnet-spinel,  and  spinel-bearing  peridotite  xenoliths, 
olivines  and  orthopyroxenes  have  been  completely  altered  to  calcite,  dolomite,  and  fine-grained 
quartz,  but  garnet,  spinel  and  clinopyroxene  survive.  Distinctive  textures  of  pseudomorphed 
olivines  and  orthopyroxenes  show  that  the  suite  is  dominantly  coarse  granular  and  harzburgitic  in 
composition.  Some  altered  spinel  peridotites  appear  to  have  been  finer-grained,  with  lensoid  spinels, 
and  may  represent  a  foliated  spinel  peridotite  suite.  Phlogopite  occurs  as  rims  around  garnets  and  as 
isolated  grains,  and  indicates  later  metasomatism  of  chemically  depleted  harzburgites,  a  common 
feature  in  continental  lithospheric  mantle  samples. 

In  peridotite  xenoliths,  garnets  are  Cr-pyropes  (purple  and  red,  Cr203  3. 2-9.0  wt  %,  Mg#  80.7- 

87.5) ;  clinopyroxenes  are  Cr-diopsides  (Cr203  1. 5-3.0),  and  spinels  are  Cr-rich  (Cr203  54.5-59.7). 
Most  xenolith  Cr-pyropes  are  in  the  G9  (Iherzolitic)  compositional  range;  only  one  xenolith  garnet 
has  marginal  G10  composition  with  CaO  below  the  Gurney  85%  line. 

Xenocryst  garnets  are  in  three  groups:  Cr-pyropes  (purple  and  red,  Cr203  2. 1-8.1,  Mg#  77.0-85.6), 
Cr-poor  pyropes  (orange,  red-orange,  and  red,  Cr203  <0.37,  most  <0.2,  Mg#  0.70-0.78),  and 
pyrope-almandines  (pink  and  orange,  Cr203  <0.1,  Ti02  0.00-0.04,  Mg#  24-53).  Cr-pyrope 
xenocrysts  have  G9  compositions,  of  peridotitic  derivation.  The  pyrope-almandines  are  probably 
derived  from  crustal  rocks.  In  comparison,  the  Cr-poor  pyropes  have  higher  Ti02  contents  (0.34- 

1.5)  and  Na20  contents  (0.04-0.12)  which  may  indicate  affinity  with  Cr-poor  megacryst  garnets 
which  are  common  in  many  kimberlites,  but  have  not  been  found  in  the  Porcupine  Dome 
occurrences.  Alternatively,  the  Ti02,  Cr203,  and  Na20  contents  might  fit  an  eclogitic  source,  but 
MgO  is  higher  and  CaO  is  lower  than  in  most  eclogitic  garnets  (Schulze,  1993;  Gurney  and  Moore, 
1993). 
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Nearly  all  of  the  olivine  megacrysts  are  completely  pseudomorphed  by  carbonates  and  quartz;  one 
contains  patches  of  surviving  olivine  of  Fo79  composition,  low  enough  to  suggest  cognate  affinity 
with  the  host  magma.  Ilmenite  xenocrysts  and  megacrysts  are  single  crystals  or  multi-grain  mosaics, 
Mg-rich  (MgO  7-12),  low  in  Nb205  (0.12-0.33),  and  low  in  calculated  Fe203,  values  which  are  in 
the  compositional  range  for  kimberlitic  ilmenites.  Cr203  contents  (0.04-1.0)  are  lower  than  in  most 
kimberlitic  ilmenites,  but  are  similar  to  low-Cr  ilmenites  in  the  A4  and  other  kimberlites,  Ontario 
(Schulze  et  al,  1996).  Ilmenites  in  two  altered  olivine  megacrysts  or  ilmenite-bearing  dunites  have 
compositions  similar  to  the  megacrysts  and  xenocrysts;  neither  is  associated  with  fresh  olivine. 
Calculated  temperatures  of  clinopyroxenes  range  from  990  to  1100  °C  by  the  Finnerty  and  Boyd 
(1987)  method.  For  two  garnet-spinel  peridotites,  calculated  pressures  by  the  O'Neill  (1981)  method 
are  4.1  GPa  for  their  clinopyroxene  temperatures  of  1070  and  1100  °C.  The  overall  temperature 
range,  assuming  pressure  of  4. 1  GPa  for  the  other  xenoliths,  is  in  the  diamond  stability  field  and  near 
an  assumed  shield  geotherm.  Criteria  that  favor  diamond  potential  are  the  T-P  range,  ilmenite 
compositions,  and  some  spinel  compositions,  but  the  lack  of  G9  garnets  suggests  that  diamond 
potential  is  low.  A  similar  conclusion  was  reached  by  Doden  and  Gold  (1993a)  on  the  basis  of 
xenocryst  compositions. 

The  host  magmas  contain  phlogopite  and  abundant  olivine  phenocrysts  in  a  groundmass  that  is 
carbonate-rich,  with  phlogopite,  apatite,  Ti  magnetite,  and  perovskite(?).  Some  of  the  larger 
phlogopites  may  be  xenocrystic.  Chondrite-normalized  REE  patterns  are  light  REE  enriched,  steep, 
and  linear,  similar  to  those  of  alkalic  ultramafic  rocks,  kimberlites,  and  carbonatites.  These  magmas 
have  been  termed  carbonate-rich  mica  peridotites  (Hearn,  1989),  lamprophyres  (Doden  and  Gold, 
1993b),  and  lamproites  (Mitchell  and  Bergman,  1991).  The  rocks  show  similarities  to  aillikite,  a 
rather  vaguely  defined  porphyritic  ultramafic  rock  which  consists  of  olivine  and  phlogopite 
phenocrysts  in  a  carbonate-rich  groundmass,  and  for  which  the  type  locality  is  Aillik  Bay,  Labrador, 
Canada  (Malpas,  Foley,  and  King,  1986).  In  fresh  igneous  rock  from  the  Gold  Butte  plug,  olivines 
are  Fo  84-89,  and  lath-shaped  calcites  suggest  crystallization  from  a  melt.  Phlogopite  phenocrysts 
are  Ti-,  Ba-  and  F-bearing  and  low  in  Cr203  (Ti02  1.6-3. 6,  BaO  0.05-1.6,  F  0.34-0.74,  Cr203 
0.00-0.37).  Groundmass  phlogopite  compositions  are  similar  to  phenocryst  rims.  The  Porcupine 
Dome  magmas  are  closely  similar  to  olivine-rich  and  carbonate-rich  magmas  that  produced  diatremes 
and  dikes  in  the  Grassrange  area  of  central  Montana,  and  to  some  magmas  in  the  Missouri  River 
Breaks  area  of  north-central  Montana  (Hearn,  1989).  Such  very  fluid  magmas  are  ideally  suited  for 
differentiation  by  several  mechanisms;  crystal  settling  of  olivine  and  phlogopite,  filter  pressing,  or 
silicate-carbonate  liquid  immiscibility.  Field  evidence  for  such  processes  includes  ribbon-textured 
dikes  with  subparallel  carbonate  dikelets  and  carbonate  patches  (dominantly  calcite  and  dolomite, 
with  traces  of  phlogopite,  apatite,  and  Ti  magnetite),  and  segregation  textures.  The  carbonate 
dikelets  are  equivalent  to  carbonatites  in  major  and  minor  element  compositions  and  mineralogy,  and 
thus  are  evidence  for  derivation  of  carbonatites  at  shallow  depths  from  alkalic  ultramafic  magmas. 
Similar  mechanisms  may  have  produced  rare  carbonatitic  dikes  that  are  associated  with  diatremes  in 
the  Missouri  Breaks  area  of  north-central  Montana  (Hearn,  1989). 
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The  renaissance  in  kimberlite  and  upper-mantle  studies,  for  which  the  1IKC  held  in  Cape  Town,  in 
September  of  1973,  provided  the  first  major  international  forum,  led  to  two  important  conceptual 
changes  affecting  virtually  all  aspects  of  our  understanding  of  upper  mantle  processes,  including 
diamond  and  kimberlite  formation.  The  first  concerns  the  relationship  of  diamonds  to  kimberlites, 
with  a  conversion  from  the  phenocrystal  to  xenocrystal  school  of  thought  set  in  motion  by  studies  of 
Kramers  et  al.  (1979),  and  gathering  momentum  after  Richardson  et  al.  (1984)  showed  that  peridotitic 
diamonds  from  the  Mesozoic  Finsch  and  Kimberley-group  kimberlites  had  been  stored  in  the  upper 
mantle  since  Archean  times  prior  to  reaching  the  surface  via  the  kimberlites.  The  second  change  began 
with  the  proposal  that  xenoliths  of  so-called  mantle  eclogites  from  what  was  then  believed  to  be 
kimberlitic  diatremes  of  the  Colorado  Plateau  are  metamorphosed  basic  rocks  (Helmstaedt  and 
Anderson,  1969;  Helmstaedt  et  al.,  1972)  that  may  represent  samples  of  oceanic  lithosphere 
subducted  under  the  west  coast  of  North  America  (Helmstaedt  and  Doig,  1973,  1975).  At  the  time 
of  the  1IKC,  all  mantle  eclogites  from  kimberlites  were  interpreted  as  high-pressure  crystallization 
products  from  partial  melts  of  mantle  peridotite  that  showed  various  sub-solidus  textural  adjustments 
predating  kimberlite  eruption  (e.g.,  Lappin  and  Dawson,  1975).  The  proposal  that  the  subduction 
hypothesis  may  also  apply  to  the  diamondiferous  upper  mantle  sample  from  kimberlites  (e.g.,  Sharp, 
1974;  Helmstaedt,  1978),  did  not  gain  wider  acceptance  until  various  geochemical  and  isotopic 
supporting  evidence,  mainly  pertaining  to  the  eclogitic  component,  was  accumulated  in  the  late  1980s 
(for  a  review,  see  McCandless  and  Gurney,  1997).  A  subduction  origin  was  also  attributed  to  certain 
peridotite  xenoliths,  including  their  diamonds  (Schulze,  1986;  see  review  by  Boyd,  1989a),  but  much 
disagreement  remains  regarding  these  rock  types. 

The  restriction  of  richly  diamondiferous  kimberlites  to  the  Archean  parts  of  cratons,  as  well  as  the 
Archean  isotopic  signatures  obtained  from  diamond  inclusions,  suggest  a  major  episode  of  diamond 
formation  in  the  Archean  and  long-term  storage  of  diamonds  in  subcratonal  lithospheric  roots. 
Petrological  models,  based  initially  on  southern  African  xenolith  and  diamond  inclusion  suites  (e.g., 
Boyd  and  Gurney,  1986;  Haggerty,  1986;  Gurney,  1990)  suggest  a  highly  depleted,  peridotitic 
diamond  source  with  lenses  of  eclogitic  rocks  at  depths  between  150  to  200  km  and  temperatures  not 
exceeding  1200°C.  They  are  compatible  with  seismological  and  geothermal  data  suggesting  that  the 
lithosphere  under  older  continental  regions  is  of  greater  than  average  thickness  (Jordan,  1978)  and 
characterized  by  higher  shear  wave  velocities  (e.g.,  Grand,  1987),  implying  cooler  temperatures 
relative  to  the  adjacent  asthenosphere.  However,  many  problems  remain  about  the  correlation 
between  geophysicists'  and  geochemists'  views  of  the  lithosphere  (Anderson,  1995). 

The  origin  of  lithospheric  roots  is  a  problem  of  Archean  tectonics  and  hinges  on  an  explanation  for 
their  highly  depleted,  and  thus  refractory  and  gravitationally  stable  nature. 

Two  endmember  hypotheses  proposed  are  (1)  the  harzburgites  formed  essentially  in  situ  as  residue 
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after  melt  extraction  from  normal  mantle  peridotite,  of  either  komatiites  or  more  voluminous  basalts 
(e.g.,  Bickle,  1986;  Boyd,  1989b),  and  (2)  the  depleted  roots  are  the  result  of  tectonic  underplating 
by  imbricated  slabs  of  oceanic  lithosphere  (e.g.,  Helmstaedt  and  Schulze,  1989;  Abbott,  1991). 

By  using  knowledge  representation  techniques,  we  will  show  that  the  subduction  hypothesis  has  a 
greater  "explanatory  cohesion",  especially  as  it  is  compatible  with  more  recent  views  on  Archean 
surface  geology,  in  particular  the  formation  of  granitoid  rocks  of  the  trondhjemite-tonalite- 
granodiorite  (TTG)  suites,  which  are  volumetrically  dominant  in  Archean  cratons  and  form  the  oldest 
preserved  Archean  crust.  These  TTG  suites  are  believed  to  have  formed  by  15-30%  melting  of  a 
mafic,  garnet-bearing  precursor  (subducted  ocean  floor  rocks  that  are  metamorphosed  to  garnet 
amphibolites  and  low-temperature  eclogites),  with  the  voluminous  complementary  residue  being 
transformed  into  high-temperature  eclogites  (e.g.,  Rapp  et  al.,  1991;  Rudnick,  1995)  that  either  sank 
into  the  deeper  mantle  or  became  part  of  the  lithosphere  under  the  evolving  Archean  cratons.  Trace 
element  data  from  eclogitic  inclusions  in  diamonds  from  eclogite  xenoliths  in  kimberlites  of  the 
Siberian  craton  are  consistent  with  eclogite  formation  in  equilibrium  with  a  tonalitic  melt  (Ireland  et 
al.,  1994).  Diamond  formation  under  Archean  cratons  may  thus  be  related  to  subduction  of  Archean 
(and  post-Archean?)  oceanic  lithosphere  (see  also  Schulze,  1986),  scraped-off  remnants  of  which  may 
be  preserved  in  some  greenstone  belts.  It  may  be  speculated  that  thicker  and  thus  cooler  lithosphere 
formed  where  early  continental  crust  was  repeatedly  underplated,  thus  increasing  the  diamond 
potential  of  Archean  cratons  under  or  near  the  early  Archean  (>3Ga)  continental  nuclei. 

Until  recently,  all  petrological  and  geochemical  probing  of  the  subcontinental  lithosphere  was  done 
without  a  geometric  framework.  The  P-T  history  of  xenoliths  was  used  to  infer  the  depth  of  origin 
at  the  time  of  kimberlite  formation  and  formed  the  basis  for  establishing  "paleogeotherms"  and  what 
has  been  generally  referred  to  as  "upper-mantle  stratigraphy".  Geophysical  methods,  including  seismic 
refraction,  tomography  based  on  teleseismic  studies,  and  magnetotelluric  (MT)  studies,  lacked  the 
resolution  to  infer  internal  structure  of  the  roots  other  than  providing  the  general  orientation  of 
velocity  and  conductivity  anisotropies. 

Seismic  reflection  studies,  in  particular  the  Abitibi-Grenville,  Trans-Hudson  Orogen  and  SNORCLE 
transects  of  the  Canadian  LITHOPROBE  program  have  provided  images  of  deep-crustal  and  upper- 
mantle  structures  in  Archean  and  Paleoproterozoic  terrains  of  the  Canadian  Shield  that  have  helped 
to  close  the  observational  gap  and  are  thus  of  relevance  to  the  debate  about  the  origin  of  lithospheric 
roots.  For  example,  in  the  Superior  Province,  beneath  the  Abitibi-Opatica  Plutonic  Belt  boundary, 
a  zone  of  north-dipping  seismic  reflectors,  extending  from  the  base  of  the  crust  into  the  upper  mantle 
to  depths  of  about  70  km,  has  been  interpreted  as  a  remnant  of  Archean  subducted  oceanic  crust 
(Calvert  et  al.,  1995).  The  northerly  imbrication  of  the  Abitibi  crust  and  the  mantle  suture  image  are 
compatible  with  earlier  models  of  southward  prograding  tectonic  accretion  of  the  Superior  Province. 

The  most  spectacular  seismic  reflection  profile  to  date  is  SNORCLE  Corridor  1 ,  crossing  the  western 
part  of  the  southern  Slave  Province  and  the  Proterozoic  terranes  between  the  Slave  Province  and  the 
eastern  margin  of  the  Cordillera.  The  profile,  the  closest  yet  to  a  diamondiferous  lithospheric  root, 
will  be  presented  at  the  conference,  together  with  a  3D  model  illustrating  the  spatial  relationship 
between  the  section  and  the  kimberlite  pipes  of  the  Slave  Province.  It  shows  clear  evidence  for 
eastward  imbrication  of  the  Moho  under  the  Archean  Slave  Province  as  well  as  numerous  shallow- 
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dipping  reflectors  to  a  depth  of  approximately  1 10  km  which  allow  inferences  about  the  geometry  of 
accretion  under  the  Slave  Province  and  adjacent  Proterozoic  orogens. 

The  SNORCLE  profile  clearly  establishes  that  the  lithosphere  beneath  Archean  cratons  grows  by 
lateral  accretion,  as  envisaged  in  earlier  models,  and  that  underplating  of  the  Archean  lithosphere 
continues  in  the  Proterozoic,  as  suggested  by  several  workers  to  explain  the  coexistence  of  old  P-type 
with  younger  E-type  diamonds  in  single  kimberlite  pipes  (e.g.,  Gurney,  1990;  Abbott,  1991). 
Information  gleaned  from  the  profile  also  requires  the  re-evaluation  of  many  practices  of  upper- 
mantle  petrologists,  especially  that  of  modelling  the  upper  mantle  in  terms  of  traditional 
paleogeotherm-based  upper-mantle  stratigraphy.  Efforts  must  be  made  to  interpret  the  nature  of  the 
seismic  reflectors.  Are  all  of  them  eclogite  layers  or,  more  likely,  are  some  of  them  fossil  mylonite 
zones,  samples  of  which  are  known  to  us  as  the  much-debated  sheared  nodules?  If  so,  the  hallowed 
notion  that  all  "deep"  and  "hot"  nodules  are  quenched  from  their  stability  field  when  plucked  by  the 
kimberlite  may  have  to  be  abandoned. 

The  notion  of  disequilibrium  may  also  help  to  solve  numerous  puzzles  connected  with  diamond 
storage  in  the  lithosphere.  Whereas  the  structural  complexity  of  the  lithosphere  explains  the  enormous 
variations  in  diamond  populations  within  individual  and  adjacent  kimberlite  pipes,  it  also  begs  the 
question,  why  such  differences  survive.  For  example,  why  should  highly  strained  diamonds  not  be 
annealed,  if  they  are  stored  in  their  stability  field  for  billions  of  years?  Using  the  experience  from 
recent  studies  on  ultra-high-pressure  metamorphic  rocks,  we  speculate  that  diamonds  may  become 
structurally  trapped  outside  their  stability  field  as  the  result  of  fault  motions  within  the  lithosphere. 
They  may  also  be  preserved  outside  their  stability  field  in  Archean  lithosphere  that  has  isostatically 
rebounded  after  an  obducted  Proterozoic  orogen  has  been  eroded. 

Geophysical  studies  will  ultimately  provide  a  geometric  framework  of  the  subcontinental  lithosphere 
against  which  kinematic  and  dynamic  upper-mantle  models  may  be  tested.  As  has  been  shown  by 
studies  of  ultra-high-pressure  metamorphic  rocks,  in  which  diamonds  may  be  transported  to  the 
surface  by  tectonic  movements,  upper-mantle  models  cannot  be  realistic  unless  tested  for  coherence 
with  surface-tectonic  models.  For  the  formation  of  the  diamondiferous  upper-mantle  sample  in 
cratonic  roots,  this  requires  tests  against  modem  models  of  Archean  plate  tectonics.  Models  for  the 
preservation  and  destruction  of  the  cratonic  roots  and  kimberlite  formation  must  take  into  account 
the  overprint  on  old  lithosphere  by  post -Archean  plate  and  plume  interactions. 
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Introduction 

Diamonds  from  the  Sao  Luiz  alluvial  deposit  have  yielded  syngenetic  mineral  inclusions  whose 
mutual  associations  and  compositional  characteristics  are  evidence  for  many  stones  having  an  origin 
within  the  Earth’s  deep  transition  zone  (TZ)  and  lower  mantle  (LM)  (Harte  and  Harris,  1994  and 
Hutchison,  1997).  Variations  in  diamond  characteristics  and  composition  have  been  investigated  for 
both  bulk  stones  (in  terms  of  mineral  inclusion  association)  and  within  individual  diamonds,  by 
optical  microscopy  (fracturing,  plastic  deformation,  colour  and  morphology),  SEM  (fracturing), 
cathodoluminescence  spectroscopy,  combustion  mass  spectrometry  (bulk  613C  and  615N 
composition  and  nitrogen  concentration),  SIMS  (micron  scale  513C  composition  and  nitrogen 
concentration)  and  FTIR  (micron  scale  nitrogen  concentration  and  aggregation  state). 

Diamond  characteristics 

Of  the  bulk  sample  of  deep  mantle  diamonds,  octahedral  forms  are  in  the  minority  with  most  LM 
stones  being  irregular  (54%)  and  most  stones  of  TZ  origin  being  dodecahedra  or  macles  (each  type 
comprising  38%).  Brown  diamonds  dominate  the  sample  suite  and  are  particularly  prevalent 
amongst  LM  stones  (65%).  This  colour  is  invariably  associated  with  diamonds  which  have 
undergone  plastic  deformation,  (see  Harris  1992),  with  over  70%  deformed  for  both  associations. 
Internal  brittle  fracturing  is  common,  with  39%  of  LM  and  38%  of  TZ  stones  showing  this  feature, 
usually  associated  with  some  kind  of  inclusion,  or  other  internal  blemish.  Very  few  fractures  extend 
to  the  surface  of  the  diamond.  SEM  analysis  of  four  polished  LM  diamonds  show  evidence  for 
multiple  events  of  fracturing.  For  example,  many  fractures  are  sinuous  and  display  ‘augen’  features 
characteristic  of  rehealing  after  initial  deformation,  but  before  subsequent  plastic  deformation. 
Furthermore,  straight  sharply  terminated  fractures  in  the  same  stones  suggest  a  final  deformation 
within  a  brittle  regime  (probably  as  a  result  of  final  inclusion-related  fracturing  on  eruption, 
Hutchison,  1997). 

Cathodoluminescence 

Cathodoluminescence  (CL)  characteristics  have  been  determined  for  six  diamonds  of  LM  origin  in 
addition  to  a  further  two  stones  of  unknown  depth  of  origin.  All  stones  show  a  low  overall  intensity 
in  blues  with  one  diamond  (of  unknown  depth)  showing  a  slight  purplish  tinge.  All  CL  patterns  are 
complex,  exhibiting  a  number  of  different  styles.  For  example,  concentric  zonation  with  areas  of 
differing  CL  colours  with  sharp  boundaries,  apparently  random  areas  showing  diffuse  CL 
boundaries,  and  sharply  bound  zones  of  CL  in  random  orientations.  Boundaries  between  each  style 
often  show  significant  embayments  and  are  rarely  linear.  Concentric  zonation  is  often  centred  on  a 
point  not  coincident  with  the  centre  of  the  stone  in  its  present  form.  CL  characteristics  are 
interpreted  as  being  indicative  of  complex  histories  of  growth,  resorption  and  re-precipitation  within 
regimes  of  stable  equilibrium  growth  and  more  chaotic  precipitation. 
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Carbon  isotopic  composition 

LM  stones  cluster  strongly  around  513C  values  of  -5  %o  (with  the  possible  exception  of  a  single 
ruby-occluding  stone  with  a  value  of  -11.56  %o).  513C  compositions  around  -5  %o  are  characteristic 
of  diamonds  of  LM  origin  in  general,  having  been  recorded  for  Koffiefontein  diamonds  (Deines  et 
al.,  1991),  a  single  Letseng-la-terai  stone  (McDade  and  Harris,  1996)  and  a  single  Guinean  stone 
(Hutchison,  1997).  Variations  within  single  diamonds  range  between  -1.30  and  -10.24  +/-  2  %o  2 a 
(using  SIMS),  although  mean  values  for  individual  stones  still  all  lie  around  -4  %o.  Bulk  carbon 
isotopic  content  of  TZ  stones,  also  cluster  around  513C  of  -5  %o,  but  in  some  cases,  are  significantly 
depleted  (down  to  -12.42  %o).  Such  a  negatively  skewed  distribution  has  previously  been  observed 
for  TZ  diamonds  from  Jagersfontein  (Deines  et  ah,  1991),  however  these  diamonds  are  even  more 
depleted  (-19  to  -24  %o). 

Nitrogen  composition 

Amongst  the  LM  stones,  nitrogen  bulk  contents  are  generally  low,  <100  ppm;  most  stones  (26  of 
28)  being  classified  as  Type  II  (<20  ppm  N).  In  the  two  diamonds  for  which  nitrogen  could  be 
determined  by  FTIR,  both  are  highly  aggregated  (>  90%  IaB).  Using  SIMS,  these  two  highly 
aggregated  stones  contain  a  range  in  nitrogen  concentration  between  <0.1  and  200  ppm,  with  most 
N  concentrations  being  below  50  ppm.  Individual  stones,  therefore,  occasionally  show  a  more 
marked  variation  in  N  than  the  population  as  a  whole.  SIMS  analysis  of  a  further  two  Type  II 
diamonds  yielded  values  of  <10  ppm  throughout.  There  is  a  close  positive  correlation  between  CL 
intensity  and  nitrogen  concentration.  A  single  analysis  of  815N  for  a  LM  diamond  gave  a  depleted 
value,  -6  +/-0.6  %o. 

TZ  stones  show  relatively  higher  concentrations  of  nitrogen  (two  stones  are  Type  II  and  the  others 
contain  up  to  -300  ppm),  compared  to  diamonds  of  the  LM  suite.  Those  with  measurable  nitrogen 
absorption,  have  significant  IaB  aggregation  (>70  %)  and  615N  compositions  from  two  stones  are 
similar  and  positive  at  -  +1 .3  ±1.0  %o. 

Environment  of  formation 

The  striking  homogeneity  of  513C  for  LM  stones  indicates  that  the  lower  mantle  is  strongly 
homogeneous  in  513C  composition  and  may  indicate  that  the  lower  mantle  is  physically  well  mixed. 
Localised  heterogeneites  within  individual  diamonds,  probably  reflect  varying  mechanisms  and 
conditions  of  diamond  precipitation.  Following  the  work  of  Deines  (1980),  the  distribution  of  5,3C 
within  individual  LM  stones  is  consistent  with  crystallisation  via  the  reduction  of  C02. 

A  similar  fluid  composition  is  proposed  for  the  TZ  sourced  diamonds  although  here,  variation  in 
513C  compositions  both  within  Sao  Luiz  and  worldwide  localities,  is  indicative  of  a  number  of 
separate  diamond  precipitating  reservoirs.  It  is  unlikely  that  the  range  of  20%o  can  be  inferred  from 
fluid  fractionation,  especially  at  transition  zone  temperatures  (Deines,  1980). 

The  variation  of  513C  composition  and  nitrogen  concentration  within  single  stones  and  from  each 
population,  has  been  used  to  investigate  precipitation  mechanisms:  whether  by  equilibrium  or 
fractional  crystallisation  or  by  mixing.  Because  nitrogen  is  a  compatible  element  in  diamond, 
nitrogen  concentration  can  be  used  as  an  indicator  of  the  degree  of  fluid  remaining  on 
crystallisation.  During  a  single  growth  event  the  different  mechanisms  of  diamond  precipitation 
should  show  different  behaviour  of  513C  composition  in  terms  of  nitrogen  concentration.  No  clear 
trend  in  513C  composition  with  N  content  was  observed,  either  within  individual  diamonds,  or 
amongst  the  two  diamond  populations.  This  result  suggests  multiple  diamond  growth  events  where 
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each  reservoir  has  a  different  initial  nitrogen  concentration  and  is  consistent  with  the  observations  of 
cathodoluminescence. 

Plotting  613C  against  615N  provides  a  useful  means  to  compare  the  bulk  composition  of  diamond 
with  models  proposed  for  the  bulk  composition  of  mantle  regions.  The  TZ  stones  plot  in  a  region 
consistent  with  the  composition  of  Cl  chondrites  whereas  the  single  LM  data  point  plots  in  a 
distinct  region,  consistent  with  an  enstatite  chondrite  composition.  The  LM  diamond  is  not  so 
depleted  in  815N  as  to  be  entirely  consistent  with  Javoy’s  (1995)  proposal  that  the  bulk  mantle  is 
composed  of  enstatite  chondrite.  However,  this  composition  does  not  contradict  his  model  if  the 
depth  of  Cl  chondrite  veneer  extends  deeper  into  the  mantle  than  he  proposes. 

Significant  differences  are  observed  between  LM  diamonds  and  stones  of  TZ  origin  in  terms  of 
carbon  and  nitrogen  isotopic  composition  and  nitrogen  concentration  and  aggregation  state.  These 
observations  suggest  that  up  to  the  genesis  of  the  Sao  Luiz  diamonds,  little  mixing  has  occurred 
between  the  Earth’s  lower  mantle  and  the  deep  transition  zone  within  the  region  sampled.  In  this 
instance,  the  deep  transition  zone  appears  to  act  as  a  graveyard  for  a  variety  of  recycled  upper 
mantle  material.  Such  a  conclusion  is  consistent  with  the  significant  bulk  compositional  differences 
indicated  by  inclusion  associations  recovered  from  Sao  Luiz  diamonds  (Hutchison,  1997).  Diamond 
deformation,  on  the  other  hand,  is  independent  of  this  boundary. 
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Garnet  peridotite  xenoliths  in  alkali  basalts  from  Siberia  and  Mongolia: 
a  comparison  of  lithospheric  mantle  compositions  in  cratonic  and 

younger  terrains 

Ionov,  D.A.,  Griffin,  W.L.,  O’Reilly,  S.Y. 

GEMOC,  School  of  Earth  Sciences,  Macquarie  University,  Sydney,  2109  N.S.W.,  Australia 

Garnet  peridotite  xenoltihs  occur  in  Cenozoic  alkali  basaltic  rocks  in  southern  Siberia  and  Mongolia 
south  of  the  Siberian  craton.  Bulk  major  element  compositions  and  mineral  analyses  were  obtained  for 
large  garnet  and  spinel  peridotite  xenoliths  from  the  Vitim  volcanic  field  east  of  lake  Baikal  and  from 
the  Dariganga  volcanic  field  in  SE  Mongolia.  Trace  element  composition  of  garnet,  pyroxenes  and 
accessory  minerals  were  determined  by  laser- ablation  ICP-MS.  The  results  are  considered  in 
comparison  with  literature  data  on  peridotite  xenoliths  from  Yakutian  kimberlites  to  examine 
differences  between  cratonic  and  younger  lithospheric  mantle  in  Asia  and  elsewhere. 

The  garnet-bearing  rocks  range  from  garnet-spinel  peridotites  with  spinel  mantled  by  garnet  to  spinel- 
free  garnet  peridotites.  The  garnet  peridotites  are  commonly  protogranular  coarse-grained  rocks  with 
large  garnet  grains;  typical  garnet  contents  are  5-10%  for  xenoliths  from  SE  Mongolia  and  10-15%  for 
xenoliths  from  Vitim.  The  garnet  peridotites  from  SE  Mongolia  equilibrated  at  22-26  kbar  (Nickel  and 
Green,  1985)  and  1090-1 150°C  (Brey  and  Kohler,  1990),  those  from  Vitim  equilibrated  largely  at  19- 
22  kbar  and  980-1040°C  and  some  yield  evidence  for  heating  before  entrainment  in  host  magma. 
These  P-T  estimates  indicate  elevated  regional  geotherms  compared  with  a  much  “colder”  geotherm 
defined  by  xenoliths  from  the  Siberian  craton  (Boyd  et  al,  1997).  T  estimates  for  spinel  peridotites 
range  from  850°C  to  values  similar  to  those  of  garnet  peridotites. 

The  garnet  peridotites  have  moderate  to  high  contents  of  clinopyroxene  and  garnet  and  of  “basaltic” 
major  oxides  (CaO,  A1203,  Na20).  Spinel  peridotites  may  have  more  depleted  compositions  than 
garnet  peridotites  (Fig.  1A)  with  similar  equilibration  temperatures.  This  suggests  that  in  the  pressure 
range  of  20-26  kbar  relatively  fertile  garnet  Iherzolites  coexist  with  more  depleted  spinel  peridotites. 
Both  garnet  and  spinel  peridotites  from  SE  Mongolia  tend  to  be  more  depleted  in  basaltic  components 
that  those  from  the  Baikal  region  (Fig.  IB)  apparently  indicating  differences  in  bulk  peridotite  mantle 
compositions  between  the  two  regions  that  may  be  related  to  differences  in  geological  history.  In 
general,  however,  mantle  xenoliths  from  these  and  most  other  occurrences  in  southern  Siberia  and 
Mongolia  provide  a  strong  geochemical  contrast  with  more  depleted  and  more  magnesian  mantle 
beneath  the  Siberian  Platform  to  the  north  sampled  by  kimberlites  (Fig.  IB).  In  particular,  the 
Mg/(Mg+Fe)at  ratios  of  the  majority  of  xenoliths  in  alkali  basalts  (0.89-91)  are  much  lower  than  those 
of  low-T  garnet  peridotites  from  the  Yakutian  kimberlites  (Boyd  et  al.,  1997). 

Clinopyroxenes  in  garnet  Iherzolites  from  the  Vitim  field  (Ionov  et  al.,  1993)  and  SE  Mongolia 
typically  show  light  to  moderate  depletion  in  LREE  (Fig.  2 A)  and  other  incompatible  trace  elements. 
Modally  and  cryptically  metasomatised  garnet-bearing  peridotites  occur  in  both  regions  but  are  less 
common  than  the  LREE-depleted  rocks.  In  contrast,  low-T  spinel  peridotites  enriched  in  light  and 


339 


medium  REE  over  the  heavy  REE  appear  to  be  more  common  than  those  depleted  in  LREE  in  SE 
Mongolia  (Fig.  2B).  This  may  indicate  a  regional  chemical  stratification  of  the  mantle  with  more 
widespread  metasomatic  enrichment  in  the  shallow  spinel  facies  mantle. 

These  results  further  illustrate  the  large  differences  in  the  composition  of  subcontinental  lithospheric 
mantle  between  the  cratonic  and  younger  terrains  (Pearson  et  al.,  1995)  and  may  provide  evidence  for 
secular  mantle  evolution  and  long-term  crust-mantle  coupling.  The  combination  of  the  non-refractory 
compositions  and  the  moderately  high  geothermal  gradient  in  the  mantle  in  southern  Siberia  and 
Mongolia  may  be  responsible  for  generally  lower  seismic  velocities  right  below  the  Moho  in  that 
region  than  in  the  Siberian  craton. 
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Fig.  1.  Plots  of  CaO  vs.  A1203  for  garnet  and  spinel  peridotites  from  SE  Mongolia  (A)  and  for  garnet 
peridotites  from  SE  Mongolia,  Baikal  region  and  Udachnaya  (B)  (Boyd  et  al.,  1997). 
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Fig.  2.  Primitive  mantle-normalised  (Hofmann,  1988)  REE  patterns  for  minerals  of  peridotite 
xenoliths  from  SE  Mongolia:  (A)  clinopyroxene  and  garnet  from  garnet  peridotites; 
(B)  clinopyroxene  from  spinel  pe;:dotites. 
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Kimberlite  volcanism  usually  tends  to  large  platform  structures  characterized  by  lasting 
elevation  (cratons,  arches  and  anteclises).  Geological  and  geophysical  studies  here 
revealed  the  vial-shaped  ring  structures  (RS)  ranging  in  diameter  from  10  to  100  km, 
occasionally  with  a  rise  in  the  middle.  The  ring  structures  are  filled  with  clasts  of  the 
basement  crystalline  rocks  and  the  cover  sediments,  as  well  as  various  vitreous  rocks  and 
the  melt  rock  bodies.  The  basement  rocks  are  brecciated  and  are  either  cemented  by  the 
melt  matrix,  or  host  lenses,  veins  and  irregular  bodies  of  the  melt  rocks.  Some  RS  are 
diamoniferous  (e.g.,  Popigai,  Siberia,  Nordlinger  Ries,  Germany,  and  Puchezh-Katunki, 
Russia  at  the  Russian  Platform). 

When  first  encountered,  these  structures  were  believed  to  be  related  to  the  explosive 
processes  that  accompanied  basic  and  alkaline-basic  volcanism  in  technically  activated 
segments  of  platforms.  Presumably,  a  flow  of  deep  reducing  fluids  genetically  related  to 
overheated  volatiles-rich  alkaline  basaltic  magma  produces  a  diapir  of  melted  fluidized 
material  carriying  a  high-pressure  gaseous  phase.  Along  with  ascent  of  such  diapirs, 
explosions  occurred,  being  provoked  by  sharply  dropping  pressure  and  formation  of 
explosive  gaseous  compounds  and  mixtures  (Vaganov  et  al.,  1985).  However,  discoveries 
of  the  high-pressure  silica  modifications,  stishovite  and  coesite,  that  form  at  10-45  GPa,  as 
well  as  diamond-lonsdaleite  paramorphs  enabled  the  impact-explosive  notion  on  the 
nature  of  the  ring  structures  and  classificate  the  structures  as  meteoritic  craters  and 
astroblemes.  Compression  wave  and  shock  decompression  caused  by  meteoritic  impact 
induce  brecciation,  impact  metamorphism  and  partial  melting  of  the  target  rocks,  with 
subsequent  hydrothermal  alteration  by  solutions  circulating  in  the  impact-heated  rocks. 
Presumably,  intensive  impacts  which  occur  in  areas  of  high  geothermal  gradient  may 
ensure  formation  of  large  melt  masses  that  form  the  injection  intrusives  in  the  basement 
of  the  craters  (e.g.  Sudbury;  Dietz,  1972).  Besides,  the  shock  wave  could  have  activated 
deep  lithosphere  by  decreasing  the  lithostatic  loading  in  the  lower  crust  and  mantle 
during  the  course  of  relaxation,  and  additional  after-shock  heat  generation  that  triggered 
magmatism  and  percolation  of  the  juvenile  fluids  towards  the  upper  parts  of  the  crust. 
Here  the  fluids  could  accumulate  in  permeable  brecciated  and  fissured  impact-caused 
zones.  This  is  the  way  the  gas  and  condensate  reservoires  could  be  formed.  Such 
accumulations  of  natural  hydrocarbons  has  been  predicted  to  occur  in  the  Siljan  Ring, 
Sweden.  However,  no  reservoires  have  been  disclosed  by  the  Gravberg  DDH  (6337  m 
deep);  only  showings  of  methane  and  heavy  hydrocarbons  have  been  observed.  Thus, 
origin  of  the  ring  structures  discovered  in  zones  of  kimberlite  magmatism  is  significant  as 
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in  interpretation  of  the  activated  platforms’  tectonic  evolution,  as  well  as  in  estmation  of 
mineragenic  potential  of  such  areas. 

The  latter  purpose  motivated  us  to  study  one  of  the  large  ring  structures  in  the  European 
Russia,  the  Puchzh-Katunki  RS  that  lies  in  the  Russian  Platform  north  of  Nizhnii 
Novgorod.  Two  structural  stages  constitute  the  sequence  of  the  upper  crust:  a 
sedimentary  cover  (1.5  to  2  km  thick)  and  Precambrian  crystalline  basement.  The  RS  is  a 
flat  sub-isometric  ‘vial’  ,  80  km  in  diameter,  with  a  dome-shaped  central  rise,  6  to  10  km 
in  diameter;  height  of  the  rise  (relatively  to  the  bottom  of  the  structure)  is  1.6  to  1.9  km. 
The  rise  is  surrounded  by  a  2km-deep  trench  and  a  ring  terrace. Inner  part  of  the 
depression  is  filled  by  coarse  and  fine-clastic  polimictic  breccia  constituted  by  fragments  of 
basement  and  cover  rocks,  as  well  as  vitreous  and  pumice  varieties. Basement  of  the  RS  is 
constituted  by  Precambrian  plagiogneiss,  schists  and  amphibolites;  thin  dolerite  dykes 
(Pz?)  has  been  encountered  here. These  rocks  are  brecciated  and  fissured;  with  numerous 
indications  of  impact  metamorphism:  planar  elements,  diaplectic  minerals  and  glass, 
coesite,  etc.  The  breccia  clasts  are  frequently  cemented  by  impact  melt,  either  the  latter 
forms  a  network  of  thin  veinlets  (0.5  to  2  cm)  or  forms  individual  lenses  (up  to  3  m  thick 
in  the  top  of  the  basement  or  up  to  10-30  m  in  the  polymictic  breccia).  Origin  of  the 
Puchezh-Katunki  RS  is  sharply  disputable:  the  versions  are  as  follows: 

1.  An  explosion  pipe  localised  at  the  NE  zone  of  the  basaltic  volcanism  in  the  Russian 
Platform.  Age  of  the  RS  corresponds  to  a  period  of  almost  total  elevation  of  the 
platform  above  the  sea  level;  basic  and  alkaline  basic  volcanism  is  inherent  in  the  time 
interval  (Vardanyants,  1961). 

2.  An  explosive  structure  was  formed  by  a  series  of  the  high-energy  explosions  caused  by 
pressurized  hydrogen  fluids  that  rapidly  ascended  to  the  day  surface  immediately 
from  the  core  (deep  reducing  degassing);  these  events  were  preceeded  by  a  lasting 
uplifting  of  an  arch  motivated  by  the  orogenic  activation  of  the  Russian  Platform.  The 
near-surface  explosions  within  the  elevation  produced  a  basin  filled  by  explosive 
breccia,  as  well  as  a  series  of  diamondiferous  breccia  dykes  and  explosion  pipes  in  the 
basement.  Emplacement  of  basalt  and  ultrabasic  melts  followed.  As  Marakushev  et  al. 
(1993)  believe,  endogeneous  impact  processes  that  produce  large  RS  immediately 
precede  not  only  kimberlite  magmatism,  but  intrusive  and  volcanic  activities  as  well. 

3.  A  buried  meteoritic  crater  or  an  astrobleme  formed  in  Jurassic  time.  Cosmogenic 
origin  of  the  Puchezh-Katunki  RS  is  based  upon  its  morphology  and  anatomy, 
peculiarities  of  the  target  rock  dislocations,  and  numerous  manifestations  of  the 
impact  metamorphism  and  melting  of  the  rocks  (Firsov,  1965;  Masaitis  et  al.,  1980).  As 
stated,  the  high-temperature  impact  melts  originated  at  the  contact  of  the  meteoritic 
body  and  the  target  penetrated  the  basement  rock  along  contemporaneous  radial 
fractures  to  depth  about  3.5  km,  thus  forming  the  injection  intrusives  and  causing 
thermal  influence  onto  the  surrounding  rocks.  The  post-impact  hydrothermal 
alterations  were  caused  by  the  waters  of  atmospheric  origin  circulating  in  the  heated 
‘coptoclastites’  (Masaitis  et  al.,  1994). 

The  Vorotilovsk  DDH  driven  within  the  center  of  the  Puchezh-Katunki  RS  disclosed  the 
impact  metamorphosed  sequence  to  5374  m.  Mineralogical,  geochemical  and  isotopic 
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(Rb-Sr,  3He-4He)  studies  of  the  source  rocks  and  products  of  their  impact  metamorphism 

and  melting  have  been  carried  out  here.  The  results  obtained  are  as  follows: 

1.  The  impact  metamorphism  in  the  basement  rocks  (550  to  5374  m  interval)  is  uneven, 
but  in  general  its  grade  and  scale  decreases  downward.  Along  the  depth  range 
studied,  the  impact  and  thermal  alterations  in  the  rocks  occurred  isochemically. 
Variations  in  the  geochemical  field  of  the  RS  were  controlled  by  the  source  rock 
features  as  products  of  regional  metamorphism,  as  well  as  development  of  the  post¬ 
impact  hydrothermal  mineralization. 

2.  By  and  large,  the  melt  impactites  inherit  the  source  rock  features,  as  displayed  by 
identity  of  their  petrochemical  characteristics.  In  case  when  mixed  breccias  melt, 
averaged  andesitic  rocks  are  produced.  Selective  melting  results  in  enrichment  of  the 
first  portions  of  melt  in  alkali,  siderofiles,  TR  and  Ta.  Separation  of  the  post-impact 
fluid  leads  to  relative  accumulation  of  Ti,  Nb,  Zr,  and  Fe  in  the  residual. 

3.  In  the  upper  part  of  the  basement  the  impact  melts  undergo  retrograde  boiling 
during  the  course  of  the  shock  decompression;  separation  of  the  fluid  rich  in  K,  Na, 
Li,  Rb,  Sr,  Mo,  B,  and  Hg  occurs.  This  fluid  mixes  with  the  pore  waters  and  causes 
alterations  in  the  overlying  impact  breccia;  positive  Li,  Sr,  B,  Bi,  Pb,  Cu,  Be,  Ni 
anomalies  arise,  whereas  Cr,  V,  Zn,  Ba,  Na,  K,  P,  and  Ga  are  removed  and  re¬ 
distributed. 

4.  Proportion  of  impact  diamonds  that  occur  in  allogeneous  breccia  to  those  in  related 
melt  impactites  is  1:3;  in  minor  quantities  diamonds  are  observable  at  the  upper 
contact  of  the  basement  in  the  impactite  veinlets  hosted  by  breccia  (Bogatyrev, 
Selivanovskaya,  Zairi,  unpublished).  Diamonds  are  small  (0.1  to  0.25  mm),  flattened, 
and  of  pseudo-hexagonal  habit.  Diamonds  represent  finely  textured  poly-crystalline 
aggregates  of  cubic  crystals,  hexagonal  lonsdailite  (5  to  40%),  graphite,  and  chaoite; 
diamond-lonsdailite  intergrowings  are  most  common.  These  diamonds  differ  from 
kimberlite-hosted  in  higher  refraction  and  index  value,  as  well  as  dielectric  constant, 
and  in  lower  density. 

5.  Values  of  I°Sr  ratio  in  the  sourse  basement  rocks  (0.704  to  0.708)  and  melt  impactites, 
products  of  their  impact-related  alterations  (0.705  to  0.709)  remain  close  at  various 
depth  levels  within  the  RS;  this  is  an  indication  of  in  situ  origin.  Low  :3He/4He  ratio 
(1. 9-5-4. 7*1  O'8)  comparable  to  that  of  the  average  continental  crust  value,  indicates 
negligible  influence  of  the  mantle  fluids. 

6.  Enhanced  I()Sr  ratio  values  inherent  in  diamondiferous  impactites  are  conditioned  by 
formation  of  the  latter  at  the  account  of  the  polymictic  breccia  melting  within  the 
crater.  The  breccia  is  constituted  by  fragments  of  the  sedimentary  cover:  typical  I°Sr 
ratio  here  ranges  from  0.720  to  0.738.  Taking  into  consideration  the  above  mentioned 
morphologic  and  structural  features  of  the  impact  diamonds,  it  seems  possible  to 
conclude  that  the  diamond  productivity  of  the  rocks  within  the  crater  is  controlled  by 
presence  of  carboniferous  sediments  among  the  source  rocks.  Difference  in  the 
isotopic  Sr  composition  of  the  crater  impactites  and  those  of  the  basement  excludes 
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considerable  transport  of  diamondiferous  sub-surface  impact  melts  into  the  deep  parts 
of  the  target. 

The  work  was  supported  financially  by  RFBR  (Project  95-05-14802) 
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Introduction 

The  nature  of  tectonic  and  mantle  differentiation  processes  operating  in  the  Archaean  Earth  remain 
an  important  goal  in  understanding  Earth  evolution.  Significant  insight  into  this  problem  may  be 
gained  by  direct  study  of  mantle  xenoliths.  Isotope  studies  of  xenoliths  have  shown  that  at  least  two 
major  cratons  were  underlain  by  mantle  keels  more  than  150km  thick  by  the  mid- Archaean. 
Although  highly  depleted  in  basaltic  components,  the  major  element  composition  of  cratonic 
peridotites,  specifically  their  large  and  varied  enstatite  contents,  preclude  them  being  simple 
residues  from  mantle  melting.  This  over- abundance  in  enstatite,  manifest  as  a  Si-enrichment  is 
enigmatic  and  a  number  of  different  origins  have  been  proposed  to  account  for  it.  (1)  Fe/Si02  trends 
in  xenoliths  from  Udachnaya  can  be  interpreted  as  reflecting  mixing-unmixing  processes  such  as 
metamorphic  differentiation,  cumulate  sorting  and  mixing  of  cumulates  and  residues  (Boyd,  1997, 
Walter,  1997),  (2)  Melting  in  Archaean  super-plumes  (Herzberg,  1993,  Herzberg,  1997),  (3) 

Mantle-melt  interaction  forming  enstatite  (Rudnick  et  al,  1994,  Kelemen  et  al,  1992).  Positive 
correlations  between  Ni  content  of  olivine  and  modal  orthopyroxene  may  be  indicative  of  Si02 
addition  to  a  high  Mg#  protolith  (Kelemen,  1997).  It  has  therefore  been  suggested  that  silica  may 
have  been  produced  from  small  degree  melts  of  subducted  eclogites  and  that  subduction  and 
collision  related  stacking  created  thick  cratonic  roots  (Kelemen,  1997).  Rudnick  (1997)  has 
suggested  that  cratonic  eclogite  xenoliths  represent  residues  of  slab  melting.  The  eclogites  may 
therefore  have  been  a  source  of  silicic  magmas  capable  of  causing  Si-enrichment  of  lithospheric 
peridotites.  T-T-G  suites,  which  are  very  important  in  Archaean  crust,  have  REE  compositions, 
Mg#  and  Ni  contents  suggesting  they  were  formed  from  the  silicic  magmas  after  interaction  with  the 
lithospheric  mantle,  as  represented  by  the  xenoliths.  These  alternatives  are  testable  by  geochemical 
analysis  and  we  have  chosen  to  apply  Platinum  Group  Elements  (PGE’s)  to  investigate  the  problem. 

Platinum  Group  Elements 

A  suite  of  spinel-  and  garnet-facies  peridotite  xenoliths  from  the  Kimberley  area,  displaying  modal 
abundance  variation  and  systematic  major  element  differences  between  the  two  facies,  were 
analysed  for  Re-Os  isotopes.  PGE  abundances  were  analysed  by  ICP-MS  using  isotope  dilution  on 
an  ELAN  6000.  Analyses  were  made  using  both  cross-flow  and  direct  injection  nebulisers  (DIN). 
The  detection  limits  for  the  DIN  were  3ppt  for  Re,  Os  and  Ir,  20ppt  for  Pt  and  Pd.  Samples  were 
digested  in  Carius  tubes.  Os  was  solvent  extracted  and  other  PGE’s  separated  by  anion-exchange 
chromatography.  Re,  Os,  Pt,  Pd,  Ir  and  Ru  are  all  taken  off  the  same  sample  dissolution  eliminating 
the  effects  of  powder  heterogeneity.  PGE’s  are  compatible  to  moderately  incompatible  elements 
and  their  systematic  behaviour  can  be  used  to  trace  magmatic  processes  in  mantle  samples.  Due  to 
their  relatively  high  abundances  in  mantle  rocks  PGE’s  are  also  relatively  unaffected  by 
metasomatism  compared  to  incompatible  elements.  PGE’s  can  therefore  be  utilised  to  show 
differences  between  melting  and  fractional  crystallisation  products.  These  characteristics  make 
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PGE’s  very  useful  for  constraining  the  origins  of  cratonic  peridotites  with  reduced  interference  from 
subsequent  processes. 


Initial  results 


Figure  1  Os-lr-Pt  abundances  for 
Kimberley  xenoliths  normalised  to  Ir  and 
C-chondrites.  Shown  for  comparison  and 
represented  by  the  shaded  area  is  the 
field  for  Abyssal  peridotite  data  (Snow  and 
Schmidt,  1998). 


Figure  1  shows  that  cratonic  xenolith  PGE  abundances  and  inter-element  fractionation  not  only  vary 
greatly  from  abyssal  peridotites  but  that  there  is  also  a  great  variance  between  individual  cratonic 
peridotites.  From  the  initial  dataset  there  appears  to  be  3  distinct  trends  observed.  The  group 
shown  in  Fig.  la  have  near  chondritic  Os/Ir  but  a  depletion  in  Pt.  These  samples  may  represent 
residues  where  Os  and  Ir  are  retained  in  refractory  phases  while  Pt  is  released  into  the  melt.  Figure 
lc  shows  a  trend  similar  to  that  of  a  melt,  with  the  high  temperature  PGE’s  being  depleted  and  low 
temperature  PGE’s  (Pt)  becoming  relatively  more  enriched.  By  comparison,  figure  lb  shows  a 
trend  more  similar  to  certain  cumulates  with  the  high  temperature  PGE’s  becoming  enriched  and 
low  temperature  PGE’s  being  relatively  depleted.  To  what  extent  these  results  actually  represent 
any  of  these  specific  processes  is  still  uncertain  and  work  is  ongoing.  More  over,  the  effect  of  melt- 
rock  reaction  on  PGE  abundances  is  currently  poorly  constrained.  Clearly  different  processes  are 
involved  in  generating  the  PGE  signature  of  the  rocks.  Some  of  the  cratonic  xenoliths  studied  here 
have  close  to  chondritic  inter-element  ratios  (Fig.  2  and  3),  falling  within  the  same  field  as  oceanic 
xenoliths  (Fig.  2).  However  several  cratonic  samples  have  very  fractionated  PGE  ratios.  The  large 
degree  of  PGE  fractionation  within  a  single  cratonic  peridotite  suite  clearly  illustrates  the  potential 
of  the  elements  for  understanding  the  genesis  of  cratonic  mantle. 
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Figure  2  Os-lr  correlation  with  comparisons 
to  spinel  Iherzolites  from  basalts  (light  grey 
shading)  and  Gnt  Iherzolites  from  Lesotho 
(dark  grey  shading)  (Morgan  et  al,  1981) 


Figure  3  Pt-lr  correlation  with  comparison 
to  Pyrenean  orogenic  Iherzolites  (Pattou  et 
a/,1996) 


Summary 

Platinum  group  elements  show  that  cratonic  peridotite  samples  have  a  complex  history  possibly 
indicative  of  varied  magmatic  processes.  A  large  proportion  of  the  samples  analysed  so  far  differ 
greatly  from  modem  melt  residues.  PGE’s  do  however  provide  the  opportunity  to  gain  insights  into 
the  processes  involved  in  the  origin  of  sub-cratonic  mantle  lithosphere  relatively  unaffected  by  host 
rock  metasomatism.  Early  results  are  already  showing  systematic  trends,  but  the  dataset  is  small 
and  work  is  ongoing 
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Petrology  and  Geochemistry  of  the  Ruby  Slipper  Lamproite,  Western  Montana: 
A  Leucite-Bearing,  Ultrapotassic  Magma  in  an  Eocene  Continental  Arc 

Irving,  Anthony  J.  and  Kuehner,  Scott  M. 

Dept,  of  Geological  Sciences,  University  of  Washington,  Seattle,  WA  98195,  USA  (irving@geology.washington.edu) 

Although  the  most  common  tectonic  setting  for  lamproites  worldwide  is  stable  cratons 
(Mitchell  and  Bergman,  1991),  lamproitic  magmas  are  known  also  from  modem  and  ancient 
subduction  settings  (e.g.,  Kamchatka,  Italy,  Spain,  Colorado  -  Seliverstov  et  al.,  1994;  Conticelli  and 
Peccerillo,  1992;  Venturelli  et  al.,  1984;  Thompson  et  al.,  1997).  We  report  here  another 
occurrence  of  a  lamproite  plug  spatially  and  temporally  associated  with  rhyolites,  andesites, 
shoshonitic  basalts  and  minettes  in  an  Eocene  continental  arc  complex  in  western  Montana,  which 
may  have  important  implications  for  the  genesis  of  lamproitic  magmas.  Distinctive  features  of  the 
Ruby  Slipper  lamproite  include  the  preservation  of  unaltered  leucite,  the  presence  of  accessory 
pyrochlore,  relative  depletions  in  Ti,  Nb  and  Ta  typical  of  arc  magmas,  and  similarities  in  Sr-Nd-Pb 
isotopic  compositions  with  the  younger  Leucite  Hills  and  Smoky  Butte  lamproites. 

Geologic  Setting  and  Age 

The  Ruby  Slipper  lamproite,  located  within  the  Great  Falls  tectonic  zone  on  the  northwestern 
margin  of  the  Wyoming  Craton,  forms  a  roughly  circular  plug  about  500  m  in  diameter.  A  grey, 
finer  grained,  sparsely  mica-phyric  border  phase  surrounds  a  greenish,  coarser  grained  interior  phase. 
Lithic,  volcaniclastic(?)  breccias  containing  clasts  of  basalt,  rhyolite  and  minette  crop  out  on  the  east 
side  of  the  plug  and  were  encountered  to  a  depth  of  130  m  in  drill  holes  on  the  west  margin  (Figures 
1  and  2).  Micas  from  the  border  and  interior  lamproites  produced  climbing  40  Ar/39 Ar  spectra  that 
yield  high  temperature  plateau  ages  of  48.0  ±  0.1  and  48.4  ±  0.1  Ma,  respectively;  mica  from  a 
minette  located  7  km  away  gave  a  plateau  age  of  48.4  ±0.2  Ma.  The  radiometric  ages  reinforce  the 
field  relationships  and  imply  that  these  potassic  magmas  were  emplaced  48  Ma  ago  at  shallow  depths 
into  a  slightly  older  (49.3-49.7  Ma)  subaerial  basalt-rhyolite-andesite-latite  lava  flow/tuff  sequence. 

Petrography  and  Mineral  Compositions 

The  lamproites  consist  of  phlogopite,  diopside,  fluorapatite,  magnesio-katophorite,  ferrian 
sanidine,  leucite  and  ilmenite,  with  accesory  niobian  pyrochlore,  Ti-maghemite,  baddeleyite  and 
monazite.  Phlogopite  phenocrysts  are  magnesian  (mg  0.84-0.89)  with  high  F  contents  (2.9-4  wt.%) 
and  relatively  low  BaO  contents  (0.6- 1.2  wt.%).  In  comparison  to  those  in  Leucite  Hills  lamproites, 
the  Ruby  Slipper  phlogopites  have  similar  AI2O3  contents  (11.7-13.4  wt.%)  but  higher  TiC>2 
contents  (3. 5-4. 8  wt.%).  Mica  phenocryst  rims  and  groundmass  oikocrysts  display  characteristic 
lamproite  zoning  trends  (Figure  3)  towards  lower  mg  (0.61-0.74)  and  lower  AI2O3  (8.7-11.2  wt.%). 
Clinopyroxene  microphenocryst  cores  are  diopside  (mg  0.84-0.89;  A1203  0.4-0. 8  wt.%),  with  zoning 
(Figure  4)  towards  aegirine-rich  rims  containing  appreciable  Na20  (up  to  10  wt.%),  FeO  (up  to  15.9 
wt.%)  and  Zr02  (up  to  4.2  wt.%).  Amphiboles  are  magnesio-katophorite  (mg  0.75-0.82)  with  high 
F  contents  (2.0-2. 8  wt.%),  and  differ  from  most  other  lamproite  amphiboles  in  having  slightly  higher 
AI2O3  (1.0-2. 3  wt.%)  and  Na20  (6. 0-7. 6  wt.%)  but  lower  TiC>2  (2. 6-5. 2  wt.%).  The  feldspar  is 
ferrian  sanidine  (1.3-3. 3  wt.%  Fe203)  enriched  in  Na2G  (0.9-2. 3  wt.%)  and  BaO  (1. 7-5.4  wt.%). 
Leucite  (the  oldest  occurrence  of  which  we  are  aware)  contains  1.4- 1.9  wt.%  Fe203  and  shows  non- 
stoichiometric  enrichment  in  Si  (2.01-2.03  atoms  per  formula  unit). 


349 


Elemental  Composition 

The  border  and  interior  lamproites  differ  slightly  in  composition,  but  both  have  elevated 
abundances  of  K,  Ti,  Ba,  Sr,  Zr,  Hf,  REE,  Pb,  P  and  F  (Table  1).  They  are  moderately  evolved  (mg 
=  0.64-0.67)  compared  to  olivine-bearing  lamproites  elsewhere,  and  relative  to  primitive  mantle 
show  significant  enrichment  in  Ba  coupled  with  depletion  in  Ti,  Ta  and  Nb,  but  not  in  Zr  and  Hf 
(Figure  5).  Although  such  patterns  are  typical  of  alkalic  magmas  penetrating  the  Wyoming  craton 
(e.g.,  O'Brien  et  al.,  1995),  they  are  not  usually  found  in  lamproites,  and  imply  that  the  Ruby  Slipper 
lamproite  contains  a  significant  subduction-related  geochemical  component. 

Sr-Nd-Pb  Isotopic  Compositions 

All  of  the  Ruby  Slipper  mafic  rocks  plot  along  the  Bulk  Earth-EMI  Sr-Nd  trend  (Figure  6), 
which  also  contains  the  Oligocene  (27.6  Ma)  lamproites  from  Smoky  Butte.  The  lamproite  itself 
overlaps  in  Sr  and  Nd  isotopic  composition  with  the  Plio-Pleistocene  (0.8-3. 1  Ma)  phlogopite 
lamproites  from  the  Leucite  Hills,  Wyoming.  Anhydrous  spinel  peridotites  from  the  Eagle  Buttes 
minettes  with  eNd  values  as  low  as  -42  (Carlson  and  Irving,  1994)  represent  a  possible  mantle 
lithosphere  source  component  for  the  lamproites,  but  could  not  supply  their  elevated  K  and 
incompatible  element  contents.  The  most  plausible  models  for  lamproite  genesis  involve  lithospheric 
peridotite  plus  mica-rich  veins  (Foley,  1992)  interacting  with  astheno spheric  melts  (O'Brien  et  al., 
1995).  The  rare  orthopyroxene  glimmerite  veins  within  a  harzburgite  xenolith  from  a  Highwood 
Mountains  minette  (Carlson  and  Irving,  1994)  have  many  attributes  of  the  required  source  material, 
including  suitable  Nd  isotopic  compositions  (eNd  =  -24);  however,  their  low  Sr  content  (47  ppm) 
and  highly  radiogenic  87Sr/86Sr  (1.02)  place  limits  on  the  contribution  from  this  specific  lithology. 

In  contrast  to  the  Sr-Nd  results,  Pb  isotopic  compositions  of  the  Ruby  Slipper  lamproite  are 
very  similar  to  those  for  Smoky  Butte  (rather  than  Leucite  Hills)  lamproites,  and  also  plot  near 
values  for  the  Eagle  Buttes  peridotite  xenoliths  (Figure  7).  The  Highwood  glimmerite  has  more 
radiogenic  Pb  but  sufficiently  low  Pb  content  (6  ppm)  that  such  a  component  would  not  significantly 
influence  the  Pb  isotopic  composition  of  lamproitic  magmas.  The  relatively  high  Pb  contents  in  the 
lamproites  (35-42  ppm)  could  signify  preferential  extraction  of  sulfides  from  peridotitic  mantle. 
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Table  1  Lamproite  (border  phase) 

Si02 

47.36 

SrO 

0.29 

Ti02 

2.38 

Na20 

1.87 

Ai2o3 

10.45 

K20 

7.72 

Cr203 

0.03 

P2O5 

2.86 

Fe203 

4.80 

Zr02 

0.22 

FeO 

2.89 

H20+ 

1.69 

MnO 

0.12 

co2 

0.17 

MgO 

7.11 

F 

0.40 

CaO 

8.37 

SUM 

99.56 

BaO 

1.00 
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On  the  Connection  between  Fluid-  and  Mineral-Inclusions  in  Diamonds. 
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As  both  oxidized  and  reduced  carbon  bearing  species  are  volatile,  it  seems  logical  that  fluids  should 
play  an  important  role  in  carbon  transport  and  diamond  formation  in  the  Earth’s  mantle. 
Nevertheless,  the  majority  of  inclusion-bearing  diamonds  carry  mineral  inclusions.  Fluid  inclusions 
were  found  in  fibrous  diamonds,  but  the  relation  between  these  diamonds  and  the  common,  single 
crystal  diamonds  is  not  clear.  Here  we  report  new  findings  on  a  fibrous  diamond  found  by  S.E. 
Haggerty  within  an  eclogitic  xenolith  and  on  octahedral  diamonds  with  central,  internal  clouds  of 
inclusions  (cloudy  diamonds).  These  findings  help  in  bridging  the  gap  between  fluid  and  mineral 
inclusions  in  diamonds. 

We  analyzed  the  garnets  and  pyroxenes  of  a  diamond-bearing  eclogite  from  Koidu,  Sierra  Leone, 
and  the  inclusions  found  in  the  coat  of  a  coated  diamond  enclosed  in  it.  Electron  probe  analyses  of 
the  28  microscopic  inclusions  yielded  average  solute  composition  of:  45%  Si02,  2%  Ti02,  5.5% 
A1203,  4.5%  FeO,  1%  MgO,  11%  CaO,  2.5%  Na20,  23%  K20,  5%  P205,  and  5%  Cl.  This 
composition  is  similar  to  that  found  in  fluid  inclusions  in  Zairian  and  Botswanan  diamonds  (Navon 
et  al.,  1988;  Schrauder  and  Navon,  1994).  The  garnet  and  the  clinopyroxene  are  similar  to  those 
found  in  low-Mg  eclogites  and  in  diamond  inclusions.  Thus,  this  finding  connects  the  fluids  found 
in  fibrous  diamonds  with  mantle  eclogites  and  eclogitic  diamonds. 

Fluids  (water  and  carbonates)  are  also  evident  in  the  IR  spectra  of  eight  of  the  ten  cloudy  diamonds 
we  examined  (9  from  Koffiefontein,  South  Africa;  1  from  Udachnaya,  Siberia).  The  clouds  are  -1 
mm  in  size,  occupy  the  central  zone  of  the  diamonds,  and  consist  of  millions  of  sub-micrometer 
inclusions. 

In  addition  to  water  and  carbonate,  the  IR  spectra  of  the  clouds  reveal  the  presence  of  garnet, 
clinopyroxene,  phlogopite,  and  an  unidentified  silicate  (with  a  main  peak  at  -1010  cm’1)  in  the 
different  diamonds.  No  single  diamond  contains  the  entire  assemblage.  When  examined  with  a 
300pm  aperture,  some  clouds  reveal  internal  zoning.  Electron  probe  analyses  of  individual 
inclusions  reveal  the  presence  of  discrete  mineral  inclusions,  wide  range  of  fluid  compositions  and 
mixtures  of  the  two. 

Infrared  spectra  of  KFF-202  (Fig.  1)  reveal  the  presence  of  a  zoned  cloud  with  water  (3450cm1), 
garnet  (972,  906,  879  cm'1),  and  an  unidentified  silicate  (1007cm'1).  Electron  probe  analyses  of  210 
inclusions  on  four  polished  surfaces  reveal  wide  range  of  compositions,  varying  between  three  end- 
members. 

1.  Eclogitic  minerals  -  garnet  with  low  magnesium  number  (mg#=0. 52-0.66)  and 
Ca/(Ca+Mg+Fe)~0.17  and  clinopyroxene  with  mg#=0.75-0.85  and  Ca/(Ca+Mg+Fe)~0.5.  The  Ellis 
and  Green  (1979)  thermometer  yields  temperatures  of  1008°C±50  that  are  ~200°C  lower  than 
eclogitic  diamonds  from  the  same  mine  (Rickard  et  al.,  1986). 

2.  KCl-rich  fluid  (estimated  end-member  composition:  43%  Cl,  34%  K20,  8%  FeO,  5%  Si02,  4% 
BaO,  3%  CaO,  2%  Na20,  and  <1%  MgO). 


352 


3.  Silicate-rich  fluid  (45%  Si02,  14%  FeO,  14%  MgO,  12%  K20,  9%  A1203,  5%  Cl,  and  1%  CaO). 
This  composition  is  broadly  similar  to  that  of  the  fluids  found  in  fibrous  diamonds  and  may  be 
responsible  for  the  IR  peak  at  -1010  cm'1.  Both  pure  end  members  and  mixtures  where  found  in 
individual  inclusions. 


Fig.  1.  Infrared  spectra  of  two  zones  in  the  cloudy 
region  of  KFF-202  (after  subtraction  of  diamond  and 
nitrogen  absorption).  The  upper  spectrum  shows  the 
unidentified  peak  at  1007  cm'1.  The  lower  spectrum 
includes  this  peak  and  the  three  peaks  of  garnet  at  972, 
906,  879  cm’1. 
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Infrared  spectra  of  KFF-204  reveal  water  (3450cm'1),  garnet  (972,  904,  875  cm'1)  and 
clinopyroxene  (1080,  519  cm’1).  Electron  probe  analyses  of  130  inclusions  on  4  surfaces  revealed 
two  types  of  inclusions. 

1.  mineral  inclusions  with  eclogitic  garnets  (mg#=0.67-0.84,  Ca/(Ca+Mg+Fe)~0.14)  and 
clinopyroxene  (mg#=0.80-0.89,  Ca/(Ca+Mg+Fe)~0.56).  Thermometry  yields  temperatures  of 
1 150±100°C,  similar  to  temperatures  calculated  for  Koffiefontein  eclogitic  diamonds. 

2.  Compositions  falling  along  a  mixing  line  between  garnet  and  a  Mg+Al-rich  end-member  (42% 
MgO,  37%  A1203,  11%  FeO,  10%  CaO).  At  present  we  can  offer  no  identification  for  that  end- 
member. 

Infrared  absorption  spectra  of  KFF-205,  206  and  207  show  strong  carbonate  bands  (-1440,  878  and 
729  cm'1)  and  water  bands.  Electron  probe  analyses  of  KFF-206  reveal  a  wide  range  of  Ca-,  Mg- 
and  Fe  carbonates  along  with  Si02  and  A1203  but  little  K20  or  Cl.  No  analysis  is  yet  available  for 
the  other  two.  Garnet,  clinopyroxene  and  high  water  contents  were  found  in  KFF-208;  water  and 
silicate  absorption  bands  were  found  in  KFF-209  (we  also  found  a  few  large  inclusions  (10- 15  pm) 
in  the  transparent  center  of  the  cloud).  Both  IR  and  electron  probe  analyses  of  KFF-203  reveal 
only  microscopic  phlogopite  inclusions,  with  mg#=0.90-0.97,  at  the  high  end  of  the  range  spanned 
by  phlogopite  inclusions  in  diamonds. 

While  all  the  above  diamonds  contain  mostly  nitrogen  of  type  IaA  (pairs  of  nitrogen  atoms),  one 
cloudy  diamond  (KFF-201)  shows  a  pure  IaB  spectra  (aggregates  of  nitrogen  atoms).  Only  silicate 
peak  at  -1010  cm'1  is  observed  in  the  spectrum  of  the  cloud,  with  no  water  or  carbonate.  Seven 
inclusions  were  found  and  their  electron  probe  analyses  all  yielded  a  uniform  composition  of  61% 
Si02,  33%  MgO,  and  minor  amount  of  FeO  and  CaO  (Si/Mg  molar  ratio  of  54:46). 

A  single  cloudy  diamond  from  Udachnaya  (Schrauder  et  al.,  1993)  carries  water,  carbonate,  and 
solute  of  26%  Cl,  31.5%  K20,  27.5%  BaO,  7.5%  SrO,  and  minor  amounts  of  Si02,  FeO,  CaO, 
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A1203  and  MgO.  The  finding  of  a  10  micron  olivine  inclusion  (Fo94)  within  the  cloudy  region 
suggests  that  this  diamond  belongs  to  the  peridotite  suite. 

The  unique  feature  of  the  cloudy  diamonds  is  the  mutual  occurrence  of  both  mineral  and  fluid 
inclusions.  Except  from  their  microscopic  size,  the  mineral  inclusions  are  similar  to  other  mineral 
inclusions  in  diamonds.  The  fluids  span  a  wide  range  of  compositions,  much  wider  than  that  of  the 
fluids  trapped  in  fibrous  diamonds  (Fig.  2).  Three  types  of  fluids  may  be  distinguished  (although 
inclusions  containing  mixtures  of  these  types  were  also  observed). 

1 .  Silica-rich  composition  that  is  broadly  similar  to  that  of  fibrous  diamonds. 

2.  Water-rich  composition  that  is  also  rich  in  KC1  (similar  inclusions  were  also  described  by  Chen 
etal.,  1992). 

3.  Carbonate-rich  fluids.  Some  inclusions  may  actually  contain  carbonate  minerals,  but  the  wide 
range  of  compositions  and  the  presence  of  water  suggest  that  some  were  trapped  as  fluids. 


Si+AI 


(+Ba+Sr) 


Fig.  2.  Comparison  of  fluids  in  cloudy  and  fibrous 
diamonds.  Open  squares  -  individual  inclusions  in 
KFF-202,  circle  -  cloudy  diamond  from  Udachnaya, 
solid  square  -  coated  diamond  from  Koidu,  diamonds  - 
fibrous  diamonds  from  Botswana  (Schrauder  and 
Navon,  1994),  upper  and  lower  triangles  - 
clinopyroxene  and  garnet,  respectively.  Fluid 
inclusions  in  KFF-202  contain  mainly  the  first  two 
types  of  fluids;  carbonate-rich  fluids  that  fall  close  to 
the  lower  right  apex  were  found  in  other  diamonds 
from  Koffiefontein. 


The  trapping  of  microscopic  fluid-  and  mineral-inclusions  in  individual  clouds  (and  most  probably 
within  a  single  micro-inclusion)  indicates  that  diamond,  garnet,  and  pyroxene  were  in  equilibrium 
with  a  fluids  during  the  growth  of  the  diamond.  The  combination  of  diamond,  carbonate,  and  water 
indicate  a  relatively  high  oxygen  fugacity.  However,  it  must  be  noted  that  not  all  inclusions  carry 
carbonates.  In  addition,  IR  absorption  at  the  2840-2970  cm'1  typical  of  C-H  bonds  is  present  in 
many  spectra.  This  may  be  the  result  of  surface  contamination  or  be  due  to  the  presence  of 
hydrocarbons  in  the  inclusions.  We  plan  to  conduct  analyses  of  specially  cleaned  samples  to  check 
this  point.  The  presence  of  water+hydrocarbon  rich  fluids  may  explain  why  some  fluids  dissolve 
large  amounts  of  silica,  while  others  carry  mostly  KC1. 
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Pressures  and  temperatures  at  the  diamond  source  region  are  commonly  estimated  from  the 
chemistry  of  mineral  inclusions  trapped  in  the  diamonds  during  their  formation,  using  appropriate 
thermodynamical  equilibria  for  major  and  trace  elements.  Both  pressure  and  temperature  may  be 
estimated  for  the  peridotitic  assemblage,  but  in  the  case  of  eclogitic  diamonds,  no  suitable 
barometer  was  established.  As  the  inclusions  must  be  liberated  from  their  host  diamond  prior  to 
analysis,  these  methods  are  destructive. 

Information  about  the  conditions  at  the  source  region  is  also  preserved  in  the  internal  pressure 
within  diamond  inclusions  and  in  the  deformation  of  the  diamond  lattice  around  them.  As  first  noted 
by  Sorby  and  Butler  (1869)  and  Rosenfeld  and  Chase  (1961),  many  inclusions  are  surrounded  by 
birefringence  halos,  suggesting  that  the  diamond  is  stressed  by  the  inclusions.  This  deformation  is 
the  result  of  the  different  bulk  modulus  (K)  and  thermal  expansion  coefficient  (a)  of  the  diamond 
and  the  trapped  mineral  inclusions.  Harris  et  al.  (1970)  and  Liu  et  al.  (1990)  used  x-ray  and  Raman 
spectroscopy,  respectively,  in  attempts  to  determine  the  internal  pressure  within  garnet  inclusions 
and  to  estimate  the  conditions  during  trapping  of  these  inclusions  in  the  growing  diamond.  We 
follow  this  line  of  research  and  report  successful  determinations  of  the  internal  pressure  in  and 
around  olivine  inclusions  in  diamonds. 

Theory:  Consider  a  small,  spherical,  isotropic  inclusion  trapped  in  a  diamond  at  P0  and  T0.  We 
assume  that  no  deformation  was  induced  by  the  initial  trapping,  and  the  diamond  did  not  deform 
plastically.  Upon  transition  to  the  Earth’s  surface  both  the  inclusion  and  the  host  diamond  expand 
as  pressure  is  released  and  contract  with  falling  temperatures.  If  the  final  volume  of  the  inclusion  is 
smaller  than  that  of  its  hole  in  the  diamond  (which  behaves  as  the  diamond  itself),  then  the  inclusion 
is  under  no  pressure  (as  was  the  case  for  the  garnets  studied  by  Liu  et  al.,  1990).  If  this  is  not  the 
case,  than  the  diamond  is  elastically  deformed  and  the  inclusion  is  under  pressure.  For  spherical, 
isotropic  inclusions  that  are  small  relative  to  the  host  diamond: 


lbar  1  300  K  P,  .  300K  0/T,  1t_  v 


(1) 


where  the  subscripts  d  and  i  represent  the  diamond  and  the  inclusion,  respectively,  K  is  the 
isothermal  bulk  modulus,  a  is  the  termal  expansion  coefficient,  pd  is  the  shear  modulus  of  diamond, 
and  Pj  is  the  pressure  exerted  by  the  elasticaly  deformed  diamond  on  the  inclusion.  More  elaborate 
solution  may  be  obtained  for  non-spherical  inclusions  (Eshelby,  1957).  If  K,  a,  and  Pj  are  known, 
then,  eq.  1  defines  a  line  of  “zero  volume  difference”  in  a  P-T  space.  This  line  defines  the 
temperatures  (To)  under  which  the  hole  in  the  diamond  and  the  mineral  in  the  inclusion  are  of 
exactly  the  same  size  under  the  same  lithostatic  pressure,  Po. 

Raman  Spectroscopy:  We  used  a  Renishaw  1000  Raman  microscope  to  measure  the  exact  position 
of  the  856  cm'1  olivine  Raman  line  of  three  olivine  inclusions  in  diamond  and  a  number  of  olivine 
of  different  forsterite  content.  Fig.  1  shows  that  the  line  position  of  olivine  vary  with  composition, 
and  that  the  inclusions  are  shifted  to  higher  wavenumbers  relative  to  the  free  crystals  (assuming  that 
the  trapped  olivines  fall  in  the  normal  range  of  F092-F094).  The  measured  shifts  are  0.6,  1.5  and  1.6 
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cm'1.  Using  available  measurements  of  the  shift  of  the  856  cm'1  olivine  Raman  line  with  pressure 
(3.27  cm'VGPa,  Chopelas,  1990;  3.09  cm'VGPa,  Wang  et  al.,  1993)  we  calculate  Pj  of  0.19,  0.49, 
and  0.52  GPa,  respectively  for  the  three  inclusions. 


as  a  function  of  composition.  Open  squares  -  line 
position  of  four  natural  olivines  measured  by  us. 
Circles  -  two  olivines  measured  by  Chopelas  (1991). 
The  slope  is  similar,  the  shift  is  due  to  calibration. 
Diamonds  -  line  position  of  three  olivine  inclusions 
in  diamonds  (assuming  composition  of  Fo=93±l). 
The  three  inclusions  and  the  four  free  olivines  were 
measured  with  the  same  spectrometer  setting  at  the 
same  day. 


Fig.  2.  The  Raman  line  of  diamond  as  a 
function  of  distance  from  the  diamond 
surface  (crosses).  As  the  beam  focuses 
closer  to  an  olivine  inclusion  the  peak 
position  shifts  to  higher  values  due  to 
the  stress  by  the  inclusion.  The  shift 
decreases  with  increasing  distance 
according  to  1/r2  (line). 


More  information  about  the  deformation  around  the  inclusion  is  in  the  diamond,  as  is  evident  from 
the  birefringence  around  inclusions.  The  Raman  line  of  the  diamond  allows  quantitative  study  of 
this  deformation.  The  diamond  is  under  radial  compression  and  tangential  tension.  Under  uniaxial 
stress  the  diamond  line  shifts  to  higher  frequencies  (Grimsditch  et  al.,  1978).  A  preliminary 
measurement  of  the  shift  of  the  diamond  line  as  a  function  of  distance  from  one  of  the  inclusions  is 
presented  in  Fig.  2.  The  profile  follows  the  predicted  1/r2  dependence  predicted  for  the  stress  in  the 
diamond  (Kirsch,  1898),  the  maximum  shift  of  0.6  cm'1  corresponds  to  applied  stress  of -0.27  GPa 
(using  2.2  cm'VGPa  Grimsditch  et  al.,  1978),  within  the  pressure  range  indicated  by  the  shifts  in  the 
olivine  line. 

Determination  of  pressure:  Using  Eq.  1,  with  literature  values  of  K  and  a,  we  calculate  lines  of 
“zero  volume  difference”  for  different  values  Pj  (Fig.  3).  For  a  typical  temperature  of  1000°C,  and 
internal  pressures  of  0.2-0. 5  GPa,  the  calculated  pressure  of  origin  is  5. 4-5. 8  GPa,  in  agreement  with 
thermodynamical  estimation  of  the  conditions  for  the  source  region  of  ultramafic  diamonds.  Fig.  3 
also  demonstrate  the  high  precision  of  the  method.  The  almost  linear  dependence  may  be 
approximated  by  Po(GPa)=-1.3+0.005T(K)+1.4P,  so  the  precision  of  the  calculated  pressure  is 
similar  to  that  of  the  measured  pressure.  Precision  of  ±0.5  cm'1  in  the  shift  corresponds  to  ±0.2  GPa 
(2  kbar)  in  pressure  at  the  origin.  The  accuracy  of  the  method  depends  mainly  on  that  of  K  and  a, 
and  on  the  strain  history  of  the  diamond  (which  is  assumed  to  be  fully  elastic). 
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We  conducted  similar  calculations  for  other  common  phases  in  diamonds.  Garnet  inclusions  are 
expected  to  be  under  no  pressure  (in  accordance  with  the  results  of  Liu  et  al.  1990),  unless  they  were 
trapped  under  pressures  greater  than  6.5  GPa  (at  1000°C).  In  the  case  of  pyroxenes,  the  dependence 
of  K  on  temperature  is  not  known.  Assuming  variation  as  in  olivine,  pyroxenes  trapped  at  pressures 
exceeding  4-4.5  GPa  (at  1000°C)  are  expected  to  be  under  pressure.  Unfortunately,  the  slopes  of  the 
“zero  volume  difference”  lines  of  different  minerals  are  similar.  This  does  not  allow  precise 
determination  of  P  and  T  from  intersecting  lines.  The  shallow  slopes  indicate  that  the  lines  of  “zero 
volume  difference”  are  good  barometers  and  intersections  with  thermodynamical  thermometers 
would  yield  precise  P  and  T  of  the  source  region. 

Raman  spectroscopy  of  eclogitic  garnet  or  clinopyroxene  combined  with  the  Ellis  and  Green  (1979) 
thermometer  may  allow  determination  of  the  depth  of  origin  of  eclogitic  diamonds.  The  method 
may  also  be  used  for  obtaining  independent  pressure  estimates  for  “ultra-deep”  diamonds. 


Temperature  (C) 


Fig.  3.  Calculated  pressures  at  the  origin,  as  a  function  of 
temperature  along  lines  of  “zero  volume  difference”  for 
olivine  (solid  lines)  and  garnet  (dotted  lines).  Numbers  to 
the  right  of  the  lines  denote  the  present  internal  pressure  in 
the  inclusion.  Pi.  Inclusions  trapped  at  pressures  and 
temperatures  below  the  Pj=0  lines  will  be  under  no  internal 
pressure. 
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A  suite  of  previously  well  described  diamondiferous  eclogites  from  the  Udachnaya  kimberlite  in 
Siberia  (Jacob  et  al.,  1994)  was  measured  for  a  range  of  trace  elements  by  Laser  Ablation  ICP-MS 
(LAM)  at  the  Memorial  University  of  Newfoundland.  The  rocks  are  essentially  bimineralic  and 
consist  of  garnet  and  cpx  in  various  amounts,  although  each  sample  contains  several  diamonds. 
Except  for  one  sample,  no  Ti-rich  oxide  phase  such  as  rutile  or  illmenite  is  present.  Earlier  work  on 
these  samples  comprised  major  element  concentrations,  oxygen  isotopes,  radiogenic  isotopes  (Rb-Sr, 
Sm-Nd,  Pb-Pb)  for  cpx  and  garnet  as  well  as  carbon  isotopes.  Jacob  et  al.  (1994)  could  show  that 
this  sample  suite  represents  subducted  altered  oceanic  seafloor  of  late  Archean  age  (2.76  Ga) 
comparable  to  the  suite  of  eclogites  from  Roberts  Victor,  South  Africa. 

This  study  here  was  undertaken  in  order  to  further  constrain  the  primary  composition  of  Archean 
oceanic  crust  and  to  unravel  the  seawater  alteration  history  of  the  eclogites. 


Results 

Figure  1  shows  the  chondrite-normalized  spidergrams  for  both  garnet  and  clinopyroxene  in  the 
studied  eclogites.  Concentrations  of  all  trace  elements  are  in  the  range  of  those  observed  in  eclogite 
xenoliths  in  general;  Pb  contents,  however,  are  lower  than  in  Roberts  Victor  eclogites  (Jacob,  1995). 
Oxygen  isotopic  ratios  range  between  5.19  and  7.26  %c  which  is  distinctly  different  from  the  average 
mantle  composition  of  5.5  %c  (Mattey  et  al.,  1994),  but  narrower  than  the  8lsO  range  for  Roberts 
Victor  eclogites  (2. 2-8.4;  MacGregor  and  Manton,  1986).  On  the  basis  of  5180  and  loosely  following 
the  classification  of  Jagoutz  et  al.  (1984),  two  groups  of  samples  can  be  differentiated; 

Group  I  (or  A),  representing  upper  oceanic  crust  has  8lsO  >  5.5  %c,  low  CaO,  low  La/Lu  in  garnet, 
high  HREE,  higher  Y  and  higher  Zr/Hf  in  garnet  and  no  positive  Eu-anomaly. 

Group  II  (or  B),  representing  the  lower  part  of  the  oceanic  crust  has  5lsO  <  5.5  %c,  higher  CaO,  high 
La/Lu  in  garnet,  a  flat  HREE  pattern,  lower  Y  and  Zr/Hf  in  garnet  and  positive  Eu-anomalies. 
Interestingly,  positive  Eu-anomalies  occur  in  group  A  eclogites  at  Roberts  Victor,  whereas  they  seem 
to  be  restricted  to  group  B  (or  II)  eclogites  at  Udachnaya. 
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Effects  of  seawater  alteration  on  the  eclogite  precursors  can  be  shown  by  plots  of  elements  or 
elemental  ratios  versus  5180  which  show  a  typical  two-winged  shape  (Fig.  2).  These  correlations  with 
5180  are  consistent  for  all  trace  elements  in  group  I  and  II  samples  that  were  mobile  during  seawater 
alteration  of  the  eclogite  precursors. 


Fig.2  Correlation  between  5i80  and  FeO  in  eclogitic  garnets  from  kimberlites  in  Siberia  (Udachnaya; 
Jacob  et  al.,  1994)  and  South  Africa  (Finsch,  Jagersfontein,  Kaalvallei,  Roberts  Victor;  unpublished 
data  from  the  Royal  Holloway  Laboratory). 


Discussion 

In  order  to  compare  our  data  with  bulk  rock  data  for  basaltic  rocks,  we  have  calculated  “clean”  bulk 
compositions,  using  mineral  data  and  assuming  equal  modal  amounts  of  garnet  and  cpx.  This  is  valid 
because  (1)  all  samples  except  one  (which  is  excluded  from  further  discussion)  are  bimineralic,  and 
(2)  it  can  be  shown  that  the  trace  element  patterns  do  not  change  considerably  as  a  function  of  shifts  in 
modal  amount  of  garnet  and  cpx.  The  advantage  of  this  method  is  that  metasomatic  effects  (e.g.  by  the 
kimberlitic  magma)  are  excluded. 

The  restored  whole-rocks  are  basalt  (group  II;  9-12%  MgO)  to  picrite  (group  I;  12-18%  MgO)  in 
composition.  The  other  most  noticeable  feature  is  extremely  low  Ti02  contents.  Amongst  modem 
volcanic  rocks,  such  low  Ti02  contents  are  typical  of  arc-related  rocks,  although  they  are  common  in 
Archean  komatiites.  Komatiites  have  similarly  low  Ti02,  but  also  much  lower  A1203,  whereas  most 
Archean  basalts  are  only  similar  if  the  eclogites  represent  residues  after  melting.  The  eclogites  plot  in 
the  field  of  modem  arc  low-K  tholeiites,  and  are  distinctly  different  from  MORB  (or  OIB).  The 
A120/Ti02  of  the  eclogites  is  higher  than  any  known  Archean  volcanic. 

Rudnick  (1995)  showed  that  eclogite  xenolith  Si02  contents  are  markedly  lower  than  those  of  Archean 
volcanics,  and  attributed  this  to  loss  of  a  silica-rich  melt.  The  Udachnaya  eclogites,  however,  have 
relatively  high  Si02,  so  it  cannot  be  ascertained  whether  or  not  they  are  residues  after  melt  loss.  There 
are  too  few  samples  from  each  group  to  confidently  construe  any  primary  igneous  fractionation  trends 
as  an  alternative  to  melt  loss  during  subduction. 

Mantle-normalised  incompatible  element  patterns  clearly  show  the  grouping  in  terms  of  HREE 
contents,  positive  Sr-anomaly,  and  strong  depletion  in  Th  and  U.  The  latter  elements  are  strongly 
remobilised  during  hydrothermal  alteration  and  subduction.  Since  the  eclogites  most  resemble  modem 
arc  low-K  tholeiites  in  terms  of  major  elements,  the  arc-normalised  trace  element  patterns  are 
presented  in  Fig. 3.  Allowing  for  the  effects  of  hydrothermal  alteration  on  the  ocean  floor  and 
subsequent  subduction  metamorphism,  these  patterns  are  very  similar,  agreeing  with  the  major 
element  characterisation  of  the  samples  as  arc  basalts. 
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Implications  for  Archean  crustal  processes 

We  cannot  be  sure  if  the  “arc”  eclogites  are  typical  of  Archean  oceanic  crust,  or  whether  rocks  of  this 
composition  are  preferentially  preserved  due  to  their  proximity  to  continental  margins.  The 
incorporation  of  the  subducted  oceanic  crust  into  the  cratonic  lithosphere  probably  indicates 
subduction  beneath  a  continental  margin.  Many  modem  back-arc  basin  basalts  are  difficult  to 
distinguish  from  arc  basalts,  so  that  subduction  of  the  crust  of  a  relatively  small  marginal  basin  cannot 
be  discounted.  If  the  eclogites  are  typical  of  oceanic  crust  at  the  end  of  the  Archean,  this  would  be 
consistent  with  models  for  more  numerous,  small  oceanic  plates  with  basalts  which  are  rarely  free  of 
the  influence  of  nearby  island  arcs. 

Nb/Ta  for  the  eclogites  is  about  7,  which  is  notably  lower  than  for  primitive  mantle,  MORBs  and  even 
island  arc  basalts  and  accepted  values  for  the  continental  crust  (11-12).  Thus,  if  these  eclogites  are 
typical  of  Archean  ocean  crust,  then  this  subducted  crust  cannot  form  the  residual  counterpart  to  the 
continental  crust. 
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Although  subcalcic  garnets  have  experienced  substantial  attention  as  diamond  indicator  minerals 
during  the  past  30  years,  their  genesis  and  recently  also  their  age  are  still  under  debate.  Jacob  et  al. 
(1998)  studied  the  radiogenic  isotope  systematics  of  single  subcalcic  garnet  grains  from  Yakutian 
kimberlites  and  proposed  that  subcalcic  garnets  are  formed  by  metasomatism  of  spinel  harzburgites 
in  the  diamond  stability  field.  This  reaction  involved  a  carbon-bearing  fluid  or  melt  and  produced 
subcalcic  garnets  and  olivine  at  the  expense  of  spinel,  orthopyroxene  and  clinopyroxene  (if  present). 
Jacob  et  al.  (1998)  further  proposed  that  this  process  occurred  episodically  during  the  craton's 
history  and  that  kimberlites  randomly  sample  different  populations  of  garnets  of  different  ages 
which  are  not  cogenetic,  therefore  shrouding  their  genetic  processes. 

To  test  these  hypotheses  and  to  further  constrain  the  proposed  reaction,  we  have  analysed  trace 
elements  in  subcalcic  garnet  grains  from  Canadian  kimberlite  pipes  by  Laser-Ablation  ICP-MS 
(LAM). 


Fig.  1  Map  of  Canada  with  locations  of  studied  subcalcic  garnets 
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Sub-calcic  garnets  used  in  this  study  are  from  two  kimberlites,  one  from  the  Somerset  Island  field, 
NWT  and  the  other  from  the  Fort  a  la  Come  field,  Saskatchewan  (Fig.  1). 

Peridotite  xenoliths  are  common  in  the  outcropping  K13  (or  Nanorluk)  hypabyssal  kimberlite  phase 
of  the  Batty  Bay  root  zone  complex  at  Somerset  Island  (Kjarsgaard  and  Peterson,  1992).  Samples 
K13-B1  and  K13-58  are  sub-calcic  garnets  from  harzburgite  xenoliths.  On  a  Ca0-Cr203  bivariate 
plot,  both  garnets  lie  at  lower  calcium  contents  than  the  Somerset  Island  lherzolite  garnet  field 
(based  on  combined  xenolith  and  concentrate  studies),  and  fall  into  the  G10  field  using  the  85%  line 
of  Gumey  (1984). 

The  two  sub-calcic  garnets  from  crater  facies  kimberlite  #120  in  the  Fort  a  la  Come  field, 
Saskatchewan  (samples  FAC25  and  FAC31)  were  derived  from  heavy  mineral  concentrates.  Both 
garnet  samples  lie  at  lower  calcium  contents  than  the  Fort  a  la  Come  lherzolite  garnet  field  (based 
on  combined  xenolith  and  concentrate  studies:  Kjarsgaard,  unpublished  data),  and  fall  into  the  G10 
field  using  the  85%  line  of  Gumey  (1984). 


Fig.2  Spidergram  of  trace  element  contents  of  subcalcic  garnets  from  Fort  a  la  Come  (open 
symbols)  and  Saskatchewan  (solid  symbols)  normalized  to  chondritic  values. 

Figure  2  shows  the  chondrite-normalized  spidergrams  of  the  studied  garnets.  Although  the  shape  of 
the  patterns  are  similar,  absolute  concentrations  are  very  variable,  even  between  grains  from  one 
pipe.  This  is  typical  for  subcalcic  garnets  and  similar  to  findings  by  e.g.  Shimizu  et  al.  (1997)  and 
Stachel  et  al.  (1998).  Compared  to  a  garnet  composition  from  a  high  temperature  sheared  lherzolite 
from  Jagersfontein  (J4;  Fig. 3)  the  Canadian  subcalcic  garnets  show  depletion  in  heavy  rare  earth 
elements  (HREE)  as  well  as  in  Ce  and  La  (not  shown).  Ten  subcalcic  garnets  in  harzburgites  from 
Roberts  Victor  (Stachel  et  al.,  1998)  are  more  depleted  in  Ti,  but  more  enriched  in  light  rare  earth 
elements  (LREE).  Thirty  diamond  inclusions  from  Yakutian  kimberlites  (Shimizu  et  al.,  1997) 
show  a  large  range  of  trace  element  contents;  compared  to  our  small  dataset,  the  majority  of  the 
garnets  of  Shimizu  et  al.  (1997)  is  a  little  more  depeleted  in  HREE. 
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Fig.3  Trace  element  contents  of  subcalcic  garnets  from  Fort  a  la  Come  (open  symbols)  and 
Saskatchewan  (solid  symbols)  normalized  to  J4  lherzolitic  garnet  (data  from  Jagoutz  and  Spettel  in 
Wolff-Boenisch  1994) 
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Kyanite-bearing  eclogites  and  grospydites  are  often  members  of  kimberlitic  xenolith  suites.  Although 
generally  non-diamondiferous,  some  rare  diamondiferous  grospydites  and  kyanite  eclogites  have  been 
described  from  the  Udachnaya  kimberlite  pipe  in  Siberia  (Ponomarenko  et  al.,  1975).  Heterogeneous 
kyanite  eclogites  and  grospydites  often  show  bands  of  modally  different  eclogite,  typically  with  sharp 
compositional  variation  between  the  layers  of  different  mineralogy  (Hatton,  1978).  These  sharp 
interfaces  also  show  up  in  the  composition  of  the  garnets  across  the  layers,  and  were  among  the 
reasons  to  propose  a  process  of  liquid  immiscibility  for  the  genesis  of  these  rocks  (e.g.  Hatton  and 
Gurney,  1977).  Other  research  groups  proposed  that  the  layers  could  be  remnants  of  premetamorphic 
primary  differences  (Jacob  and  Jagoutz,  1995).  This  was  based  mainly  on  the  following  facts:  (1)  the 
studied  layered  eclogite  belongs  to  the  2.7  Ga  old  suite  of  eclogites  at  Roberts  Victor  of  subducted 
origin  (Jagoutz  et  al.,  1984),  and  (2)  the  bulk  composition  of  kyanite  eclogites  is  anorthositic.  Thus, 
kyanite  eclogite  could  have  been  an  anorthositic  cumulate  within  the  Archean  oceanic  crust.  Lappin 
and  Dawson  (1975)  proposed  a  cumulate  origin  for  the  kyanite  eclogites  of  Roberts  Victor  from  an 
evolved  high  P-magma  at  1400-1500°C,  26-28  kbar  followed  by  stages  of  partial  melting  and 
chemical  exchange  with  the  ascending  kimberlitic  magma. 

We  have  studied  several  non-diamondiferous  layered  kyanite  eclogites  from  the  Roberts  Victor  Mine 
in  terms  of  major  and  trace  elements  as  well  as  oxygen  isotopes.  Major  elements  were  measured  at  the 
University  at  Frankfurt,  Germany,  on  a  Jeol  JXA  8900  microprobe  using  WDS,  trace  element 
concentrations  were  measured  in  situ  by  Laser  Ablation  ICP-MS  at  the  Memorial  University  in  St. 
John's,  Newfoundland. 

Sample  description 

From  the  three  studied  samples,  one  has  been  described  previously:  Rovic  124  (Jacob  and  Jagoutz, 
1995)  is  a  layered  eclogite  which  contains  abundant  diamond  in  the  top,  garnet  rich  layer.  Although 
this  specimen  is  not  kyanite  bearing,  a  single  kyanite  inclusion  was  extracted  from  a  diamond  from 
this  rock  (N.V.  Sobolev,  pers.  comm.  1994). 

BD  1 168  and  BD  1987,  both  kindly  provided  by  Barry  Dawson,  have  not  been  described  previously. 
These  two  samples  consist  each  of  two  layers,  of  which  one  is  kyanite-bearing,  with  sharp  interfaces 
between  the  two  layers.  Kyanite  is  relatively  abundant  in  both  specimens  and  amounts  to  about  25- 
30%  in  BD  1 168  and  15-20%  in  BD  1987. 

Clinopyroxenes  in  the  more  CaO  rich  parts  of  Rovic  124  and  in  all  other  samples  is  very  altered,  but 
small  areas  of  fresh,  clear  minerals  can  be  found  within  the  altered  grains. 

Geochemistry 

Typically,  the  composition  of  garnets  changes  abruptly  between  the  layers,  e.g.  in  BD1 168  from  9.90 
wt%  CaO  in  the  kyanite-free  layer  to  16.20  wt%  CaO  in  the  kyanite-bearing  part.  Changes  in 
chemistry  also  include  many  trace  elements,  especially  the  heavy  rare  earth  elements  (HREE,  Fig.l) 
and  the  compatible  trace  elements. 

Trace  element  concentrations  measured  by  Laser  Ablation  ICP-MS  are  shown  as  a  chondrite- 
normalized  spidergram  for  garnets  from  sample  BD  1 168.  It  can  be  seen  that  garnets  from  the  kyanite- 
bearing  layer  of  the  sample  generally  have  lower  abundances  of  HREE  compared  to  garnets  from  the 
kyanite-free  layer.  The  chondrite-normalized  REE  abundances  of  this  sample  are  very  similar  to  those 
of  the  group  I  Udachnaya  eclogites  (Jacob  and  Foley,  1998),  although  8lsO  values  for  those  are  lower 
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than  the  mantle  value,  whereas  5180  values  for  South  African  kyanite  eclogites  are  higher  than  the 
mantle  value. 


Fig.l  Chondrite-normalized  trace  element  concentrations  of  garnets  from  different  layers  in  sample 
BD  1 168.  Note  the  lower  abundances  of  HREE  and  Ti  in  the  kyanite-bearing  layer  (crosses).  Positive 
Eu-anomalies,  however,  exist  in  both  layers. 
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The  continental  lithosphere  may  be  viewed  as  a  mechanical  boundary  layer,  a  thermal  boundary  layer, 
or  a  chemical  boundary  layer.  These  definitions  postulate  fundamentally  different  properties  by 
which  lithosphere  will  be  described  and  have  very  different  implications  for  its  thickness  (James, 
1989,  for  review).  This  ambiguity  in  the  meaning  of  lithosphere  led  Jordan  (1978)  to  abandon  the 
term  in  favor  of  “tectosphere”  for  identifying  the  deep  conductive  layer  beneath  continents.  For  this 
presentation  we  use  tectosphere  in  the  usual  way  to  signify  the  long-lived  component  of  the 
subcontinental  mantle  that  remains  attached  to  the  overlying  crust  through  geologic  time  and  does  not 
participate  in  convective  processes  that  produce  mixing  in  other  parts  of  the  mantle.  We  will  further 
consider  that  the  chemical  and  thermal  properties  of  the  deep  tectosphere  are  such  that,  at  least  in 
principle,  the  root  stucture  can  be  imaged  seismically  (e.g.  Jordan,  1979,  1981). 

A  buoyant  and  geochemically  distinct  tectospheric  mantle  keel  beneath  some  cratons  is  known  from 
study  of  mantle  xenoliths  to  extend  to  at  least  200  km  depth.  Re-Os  isotope  model  ages  show, 
moreover,  that  the  age  of  lithospheric  mantle  xenoliths  erupted  through  cratons  such  as  the  Kaapvaal 
is  similar  to  that  of  the  overlying  crust  over  the  entire  depth  range  of  mantle  xenoliths,  indicating  that 
the  mantle  keel  has  been  thermally  and  chemically  stable  for  at  least  3  Ga  (e.g.  Carlson  et  al.,  this 
conference).  These  Re-Os  results  are  consistent  with  models  for  the  relatively  rapid  formation  of 
Archean  lithospheric  mantle  and  for  its  long-term  stability. 

Results  showing  a  geochemically  stable  mantle  to  great  depth  are  buttressed  by  a  wide  range  of 
seismological  studies.  Early  travel  time  studies  of  vertically  travelling  ScS  phases  and  continental 
scale  S  and  multiple  S  wave  propagation  showed  that  shear  wave  velocities  are  significantly  higher  in 
the  upper  mantle  beneath  shields  relative  to  oceanic  areas  to  depths  perhaps  as  great  as  300  to  400  km 
(e.g.  Sipkin  and  Jordan  (1980)).  Subsequent  continent  scale  tomographic  studies  since  have  largly 
verified  the  early  results  (e.g.  Grand  (1987),  Zielhuis  and  Nolet  (1994),  van  der  Lee  and  Nolet 
(1997),  providing  further  evidence  that  the  tectosphere  may  extend  well  below  that  part  of  the  upper 
mantle  sampled  from  xenoliths.  This  region  of  the  deep  mantle  thus  appears  to  hold  the  key  for 
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understanding  the  mechanisms  of  formation  and  long-term  stabilization  of  cratonic  roots  and  the 
nature  of  the  decoupling  between  those  roots  and  the  underlying  convecting  asthenospheric  mantle. 
The  depth  zone  between  200  and  400  km  is  among  the  most  difficult  to  study  by  any  seismic  means 
at  levels  of  resolution  that  are  geologically  meaningful.  The  southern  Africa  seismic  experiment  was 
designed  specifically  to  provide  just  such  high  resolution  imaging  of  the  deep  root  zone  of  cratonic 
nuclei. 

Another  important  seismic  measure  that  bears  directly  on  the  dynamical  formation  of  the  cratonic 
mantle  comes  from  observations  of  shear  wave  anisotropy.  Mantle  shear  wave  anisotropy  can  be 
interpreted  to  be  a  measure  of  the  degree  of  olivine  alignment  in  the  mantle  that  has  occurred  as  as 
result  of  tectonic  stresses  (see,  for  example,  Silver  and  Chan,  1988). 

One  of  the  most  remarkable  findings  of  studies  of  anisotropy  is  that  in  some  areas  of  ancient  crust  the 
shear  wave  splitting  appears  to  measure  ‘fossil’  anisotropy,  fabric  formed  during  the  last  major 
tectonic  event(s)  to  affect  the  lithospheric  mantle.  In  such  cases,  the  fast  direction  for  shear  waves  is 
presumed  to  be  in  the  direction  normal  to  the  direction  of  maximum  compressive  stress  of  the  last 
major  tectonic  cycle.  If  correct,  this  suggests  that  crystal  orientations  established  in  the  Archean  are 
still  intact  and  that  the  cratonic  lithosphere  is  not  only  thick,  but  highly  resistant  to  deformation  by 
convective  instability  and  thermal  disruption. 


The  Southern  Africa  Seismic  Experiment 


The  Southern  Africa  Seismic  Experiment  was  designed  specifically  to  tackle  the  above  issues  of  the 
deep  structure  of  cratonic  roots.  The  experiment  is  part  of  a  large-scale  multidisciplinary  research 
project  by  Carnegie  Institution,  MIT,  southern  African  academic  institutions  and  several  industry 
collaborators  to  study  the  structure,  composition,  and  evolution  of  the  Kaapvaal  and  Zimbabwe 
cratons  and  their  relationship  to  adjacent  mobile  belts.  To  carry  out  the  project,  an  array  of  fifty  five 
portable  broadband  seismic  stations  was  deployed  in  April/May  1997  along  a  NNE-SSW  transect 
about  1800  km  long  by  600  km  wide  in  southern  Africa  as  shown  in  Figure  1.  The  array  extends  in  a 
swath  from  the  Cape  Fold  Belt  and  Namaqua-Natal  mobile  belt  in  South  Africa,  through  the  Kaapvaal 
craton,  across  the  Limpopo  Belt,  and  into  the  cratons  of  Zimbabwe  and  Botswana.  Seismic 
observations  will  continue  for  a  period  of  two  years:  about  half  the  stations  will  be  redeployed  at  the 
end  of  the  first  year,  for  a  total  observing  network  of  about  82  stations.  It  is  possible  in  addition  that 
we  will  install  a  telemetered  broadband  array  with  aperture  around  100  km  in  the  vicinity  of 
Kimberley.  That  array  will  provide  very  high  resolution  imaging  capabilities  for  mapping  the  deep 
root  structure  of  kimberlite  pipes  and  very  detailed  discontinuity  structure  of  the  upper  mantle. 

The  array  of  REFTEK/STS-2  seismograph  systems  is  configured  to  image  the  crust  and  mantle 
beneath  southern  Africa  at  a  resolution  of  better  than  100  km.  The  experiment  focuses  on  three 
principal  areas  of  study:  (1)  The  smooth  tomographic  structure  of  the  deep  craton  and  adjacent 
geologic  terranes;  (2)  The  nature  and  depth  of  mantle  and  crustal  discontinuities;  and  (3)  The 
anisotropic  structure  of  the  cratonic  mantle.  All  results  at  this  time  are  extremely  preliminary,  but 
already  reveal  some  important  findings. 

Tomographic  Structure.  Tomographic  structure  across  the  array  is  determined  both  from  body  wave 
delay  times  (P  and  S)  and  from  surface  waves.  Preliminary  results  from  both  surface  waves  and 
body  waves  clearly  image  the  high  velocity  root  beneath  the  craton  to  a  depth  of  at  least  200  km  and 
perhaps  substantially  more  (James  et  al.,  1997).  Very  preliminary  results  seem  also  to  indicate  that 
the  root  itself  may  have  significant  heterogeneity,  as  evidenced  by  apparently  higher  velocities  in  the 
upper  mantle  beneath  the  southern  part  of  the  craton  in  the  general  region  of  Kimberley.  We  will 
present  tomographic  results  for  both  P-wave  and  S-wave  velocity  structures. 

Discontinuity  Structure.  The  work  of  several  students  on  depths  to  the  crust/mantle  boundary  (the 
Moho)  will  be  presented  as  well  as  some  preliminary  results  on  deeper  discontinuities.  Early  results 
based  on  the  receiver  function  method  show  that  there  may  be  substantial  variations  in  crustal 
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thickness  across  the  Kaapvaal  craton  itself,  as  well  as  significant  changes  in  thickness  across  the 
boundaries  between  craton  and  adjacent  Proterozoic  provinces. 

Anisotropy  Structure .  Perhaps  the  most  remarkable  of  the  early  seismic  results  is  that  transverse 
anisotropy  in  the  mantle  beneath  the  craton  is  either  absent  or  very  weak  as  measured  by  SKS 
splitting  (James  et  al.,  1997). 

We  have  obtained  SKS  splitting  measurements  for  most  of  the  stations,  although  the  number  of 
observations  for  each  station  differs  by  up  to  a  factor  of  10  across  the  array.  At  the  time  of  writing, 
we  have  identified  84  events  with  at  least  one  clear  SKS  or  SKKS  arrival.  These  events  cover  a 
broad  range  of  back  azimuths  (great  circle  azimuth,  measured  clockwise  from  north,  from  station  to 
epicenter).  The  total  number  of  reliable  measurements  to  date  is  about  300.  A  vast  majority  of  the 
measurements  are  null,  indicating  either  no  azimuthal  anisotropy  or  fast  and  slow  axes  parallel  to  the 
direction  of  wave  propagation.  Several  stations  do  exhibit  some  anisotropy,  however,  with  splitting 
times  less  than  1  second.  Most  of  these  stations  are  located  at  the  SW  comer  of  the  Kaapvaal  craton. 
The  data  here  are  relatively  sparse,  however,  so  the  results  must  be  considered  quite  preliminary. 

The  MIT  group  has  used  earthquakes  recorded  during  the  first  few  months  of  the  array  deployment  to 
estimate  the  average  velocity  structure  beneath  the  Kaapvaal  craton  (Jordan  et  al.,  1997).  Surface 
waves  from  northeasterly  back-azimuths  propagate  across  the  array  significantly  faster  than  expected 
for  a  PREM-type  upper  mantle.  Frequency-dependent  travel  times  from  the  fundamental  Love  and 
Rayleigh  waves,  as  well  as  a  limited  set  of  overtone-dominated  waveforms,  have  been  inverted  for 
sub-array  structure  using  a  procedure  that  allows  for  heterogeneity  along  the  path  segments  exterior  to 
the  array.  Adequate  fits  to  the  data  have  been  obtained  with  isotropic  velocity  structures,  but  the 
differential  dispersion  between  the  SH-dominated  (Love)  and  PSV-dominated  (Rayleigh)  waves 
requires  a  relatively  thin  lid  with  very  high  shear  velocities  (~5.0  km/s)  and  low  compressional 
velocities  (~7.8  km/s)  overlying  a  region  of  low  shear  velocity  (<  4.3  km/s).  More  successful  fits 
and  more  plausible  models  are  obtained  by  allowing  for  radial  anisotropy  in  the  upper  mantle. 

The  preferred  structure,  designated  MIT-SA3,  has  a  crustal  thickness  of  41  km,  a  radially  anisotropic 
layer  extending  to  220  km,  and  no  low-velocity  zone  in  the  isotropic  shear  velocities.  In  the 
anisotropic  layer,  the  SH  velocities  average  to  be  about  4%  greater  than  the  SV  velocities,  which  is 
slightly  larger  than  the  3%  anisotropy  determined  by  Gaherty  and  Jordan  (1995)  for  western 
Australia.  As  in  the  case  of  Australia,  a  sharp  transition  from  an  anisotropic  to  an  isotropic  structure 
introduces  an  L  discontinuity,  but  the  depth  and  sharpness  of  this  transition  are  not  well  resolved  by 
the  preliminary  data  set.  These  results  indicate  that  stong  radial  anisotropy  is  a  feature  of  the 
Kaapvaal  upper  mantle,  and  that  the  well-developed  shear-wave  low-velocity  zone  obtained  for 
southern  Africa  from  a  previous  study  by  Qiu  et  al.  (1996)  may  be  an  artifact  caused  by  ignoring 
anisotropic  effects.  The  existence  of  this  anisotropy,  combined  with  the  observations  by  the  Carnegie 
group  of  very  little  vertical  shear-wave  splitting,  suggests  that  the  orientation  of  anisotropy  in  the 
Kaapvaal  upper  mantle  is  heterogeneous  with  a  vertical  correlation  length  that  is  significantly  smaller 
than  its  horizontal  correlation  length. 
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SOUTHERN  AFRICA  SEISMIC  EXPERIMENT 
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Figure  1.  Map  of  southern  Africa  showing  schematic  outlines  of  the  Kaapvaal  craton  and  the  adjacent 
Proterozoic  provinces.  Locations  of  broadband  stations  are  shown  as  open  and  filled  circles, 
permanent  Global  Seismic  Network  stations  as  solid  squares,  and  short  period  stations  of  the  South 
African  network  as  solid  triangles. 
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One  of  three  major  provinces  of  mafic  alkaline  diatremes  intruded  on  the  southwestern  African  margin 
during  Late  Cretaceous-Early  Tertiary  time,  the  numerous  olivine  melilitite  pipes  of  Namaqualand- 
Bushmanland  form  a  linear  swarm  extending  roughly  250  km  NE  from  the  west  coast  of  South  Africa 
near  Garies.  The  Namaqualand  melilitites  may  represent  the  southwestemmost  extremity  of  an  even 
longer  (-500  km)  magmatic  lineament  comprising  kimberlites  from  the  Pofadder,  Border/Orange 
River  and  Rietfontein  areas.  Limited  radiometric  dating  indicates  that  the  intrusions  show  a  rough  age 
progression  (56-77  Ma)  with  ages  generally  decreasing  toward  the  coast  (Moore  and  Verwoerd, 
1985). 

The  olivine  melilitites  are  dominated  by  olivine  as  the  only  major  phenocryst  phase  and  also  an 
important  groundmass  component.  The  diatremes  fall  into  two  distinct  groups  on  the  basis  of 
location  and  composition  (Moore,  1979).  The  coastal  Garies  group  is  significantly  evolved,  with 
Mg-numbers  of  51  to  62,  low  SiC>2  contents  (30-34  wt.%)  and  very  high  incompatible  element 
abundances  (e.g.,  Zr  =  800-1200  ppm).  The  inland  Gamoep  group,  on  the  other  hand,  is  more 
primitive  (Mg  #  =  70-77),  with  higher  Si02  (34-38  wt.%)  and  much  lower  abundances  of 
incompatible  elements  (e.g.,  Zr  =  260-450  ppm).  To  a  first  approximation,  the  main  compositional 
differences  between  the  two  groups  can  be  explained  by  variations  in  the  extent  of  olivine 
fractionation,  with  the  Garies  group  magmas  having  crystallized  30  to  60%  olivine  during  ascent, 
assuming  initial  equilibrium  with  mantle  olivine  (F090).  The  high  degree  of  fractionation  displayed  by 
the  Garies  melilitites  is  much  greater  than  that  seen  in  any  other  mafic  alkaline  diatremes  from 
southern  Africa  and  may  indicate  that  their  parental  melts  accumulated  and  fractionated  in  shallow 
magma  chambers  before  ascending  to  the  surface. 

All  of  the  melilitites  are  strongly  depleted  in  K  relative  to  other  elements  of  similar  incompatibility 
(e.g.,  Nb,  La),  which  suggests  that  they  formed  in  the  presence  of  a  residual  K-bearing  phase.  Sub¬ 
equal  negative  Rb  and  Ba  anomalies  on  primitive  mantle-normalized  trace  element  diagrams  and  the 
presence  of  phlogopite  as  a  groundmass  phase  even  in  primitive  samples  suggests  that  this  residual 
phase  is  phlogopite  (e.g.,  Rogers  et  al.,  1992). 

The  Namaqualand  melilitites  display  fairly  coherent  variations  in  Sr,  Nd  and  Pb  isotopic  and  trace 
element  ratios  that  appear  to  record  a  systematic  shift  in  source  composition  similar  to,  but  less 
extreme  than,  that  observed  in  melilitites  from  the  Western  Cape  (Janney  et  al.,  this  volume).  Both  the 
Garies  and  Gamoep  groups  contain  diatremes  displaying  HIMU  isotopic  affinities  (87Sr/86Sr  = 
0.7031-0.7033,  £Nd(0  =  2. 7-3. 9,  206pb/204pbj  >19),  but  some  diatremes  in  the  Gamoep  group  have 
higher  87Sr/86Srj  (up  to  0.7038)  and  lower  206pb/204pb  values  (down  to  18.0),  likely  indicating  a 
greater  contribution  from  old  metasomatized  continental  lithosphere  with  an  EM  1  isotopic  affinity 
(e.g.,  Hawkesworth  et  al.,  1990).  This  is  also  suggested  by  gradual  increases  in  Th/Nb  (0.03  to 
0.09)  and  Nb/Zr  (0.2  to  0.5)  ratios  in  diatremes  from  the  coast  to  the  interior.  These  ratios  are 
sensitive  to  carbonatite  metasomatism  and  likely  indicate  greater  involvement  of  metasomatized 
lithospheric  peridotite  in  the  melilitites  intruded  through  the  thickest  lithosphere.  Further  evidence  of 
lithospheric  interaction  is  shown  by  the  Hoedkop  diatreme,  located  furthest  inland  and  with  the 
greatest  lithospheric  geochemical  affinity,  which  contains  abundant  spinel  and  garnet  peridotite 
xenoliths. 
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The  HIMU  signature  of  the  Namaqualand  melilitites  has  been  attributed  to  metasomatism  of  the 
regional  lithospheric  mantle  by  a  low-degree  silicate  melt  generated  in  the  presence  of  residual 
phlogopite  (Rogers  et  al.,  1992).  However,  the  HIMU  component  has  been  recognized  as  a  mixing 
endmember  common  to  melilitites,  carbonatites,  Group  1  kimberlites  and  other  mafic  alkaline  magmas 
from  across  southern  Africa  (e.g.,  Smith,  1983;  Halliday  et  al.,  1988;  Bell  and  Blenkinsop,  1989), 
arguing  against  a  regional  metasomatic  origin.  Rather,  the  widespread  occurrence  of  the  HIMU 
signature,  and  the  fact  that  it  is  most  strongly  expressed  in  regions  having  the  thinnest  lithosphere, 
suggests  that  the  HIMU  composition  originates  from  a  domain  located  at  the  base  of  the  lithosphere, 
possibly  ancient  subducted,  underplated  oceanic  crust. 

The  formation  of  the  age-progressive  Namaqualand  magmatic  lineation  can  be  most  simply  explained 
by  the  action  of  a  stationary  mantle  hotspot  providing  a  heat  source  to  melt  the  sub-lithospheric  HIMU 
domain,  which  must  reside  near  the  interface  between  the  mechanical  and  thermal  boundary  layers  in 
order  to  remain  in  convective  isolation  (e.g.,  Wilson  et  al.,  1995).  During  ascent,  these  melts 
interacted  with  and  variably  assimilated  metasomatized  lithospheric  material,  causing  the  observed 
ranges  in  isotopic  and  trace  element  composition. 
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Figure  1.  Location  map  showing  the  tectonic  setting  of  the  Namaqualand 
melilitites  and  other  mafic  alkaline  diatremes  in  western  South  Africa 


Figure  2.  Sr  vs.  Nd  isotopic  data  for  Garies  and  Gamoep 
group  melilitities  from  Namaqualand.  Note  that  the  Garies 
group  displays  isotopic  characteristics  similar  to  HIMU 
ocean  islands  whereas  the  Gamoep  group  extends  toward 
higher  Sr  isotopic  ratios,  similar  to  Group  1  kimberlites. 
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Late  Cretaceous-Early  Tertiary  magmatism  on  the  southwestern  margin  of  Africa  resulted  in  the 
emplacement  of  three  major  swarms  of  mafic  alkaline  diatremes:  the  Gibeon  kimberlite  province  of 
southern  Namibia  and  the  Namaqualand  and  Western  Cape  olivine  melilitite  provinces  of  western 
South  Africa.  The  Western  Cape  province  consists  of  5  age  progressive  diatreme-like  intrusions 
(Fig.  1),  oriented  roughly  north-south,  extending  360  km  from  a  submarine  alkali  basalt  plug  on  the 
Alphard  Bank  (58  Ma)  southeast  of  Cape  Agulhas,  to  the  Robertson  and  Spiegel  River  olivine 
melilitite  pipes  (64  Ma)  in  the  Cape  Fold  Belt,  to  the  Sutherland  and  Saltpetre  Kop  olivine  melilitite 
complexes  (75  Ma)  located  in  the  southern  Karoo  (Duncan  et  al.,  1978). 

As  a  whole,  the  Western  Cape  melilitite/alkali  basalt  diatremes  display  large  and  coherent  variations  in 
their  incompatible  element  and  radiogenic  isotope  compositions  that  can  be  related  to  the  age  and/or 
thickness  of  the  lithosphere  they  intrude.  On  the  thin  lithosphere  of  the  continental  shelf,  the  Alphard 
Bank  alkali  basalt  displays  incompatible  element  (e.g.,  La/SniN  =  3.4)  and  isotopic  characteristics 
(87Sr/86Sri  =  0.7029,  SNd(0  =  +4.6,  206pb/204pb1  =  20.4)  very  similar  to  HIMU  ocean  island  basalts 
from  St.  Helena.  On  the  thick  Proterozoic  lithosphere  of  the  Namaqua-Natal  Belt,  the  Saltpetre  Kop 
melilitite,  is  extremely  enriched  in  incompatible  elements  (La/SmN  =  8)  displays  a  moderate  EM  1 
isotopic  affinity  (87Sr/86Sri  =  0.7042,  eNd(t)  =  +1.8-2.0,  206pb/204pbi  =  18.7).  The  Robertson, 
Spiegel  River  and  Sutherland  melilitites  are  compositionally  intermediate  between  these  two  end- 
members. 

Unlike  the  those  from  other  Western  Cape  localities,  the  melilitite  diatremes  from  Sutherland  and 
Saltpeter  Kop  display  strong  enrichments  in  Ba,  Th  and  the  LREE  (relative  to  Nb)  and  depletions  in 
Zr  and  Ti  (relative  to  Sm)  in  their  primitive  mantle-normalized  trace  element  patterns.  These  features 
are  prevalent  in  carbonatite-metasomatized  peridotite,  suggesting  that  the  magmas  forming  the 
Western  Cape  melilitites  incorporated  variable  amounts  of  metasomatized  continental  lithosphere 
during  ascent.  The  similarity  in  trace  element  composition  between  these  two  melilitite  localities  and 
"aphanitic"  Group  1  kimberlites,  such  as  those  from  the  Gibeon  province  (Spriggs,  1988),  also 
supports  the  significant  involvement  of  metasomatized  lithosphere  in  their  petrogenesis. 

The  isotopic  variations  of  the  Western  Cape  melilitites  can  be  well  explained  by  mixing  between  a 
HIMU  source  component  having  the  chemical  and  isotopic  composition  of  recycled  oceanic  crust 
(e.g.,  Chauvel  et  al.,  1992)  and  an  EM  1-like  continental  lithospheric  component  having  the  average 
composition  of  metasomatized  peridotite  xenoliths  from  Bultfontein  (Hawkesworth  et  al,  1990;  Fig. 
2).  Interestingly,  the  bulk  of  isotopic  data  for  on-  and  off-craton  Cretaceous  Group  1  kimberlites 
from  southern  Africa  (e.g..  Smith,  1983;  Spriggs,  1988)  also  clusters  around  this  mixing  curve, 
indicating  that  they  also  can  be  explained  by  mixing  between  a  HIMU  source  and  metasomatized 
continental  lithosphere.  None  of  the  kimberlite  data  extend  to  the  highly  radiogenic  initial 
206pb/204pb  values  (>20)  observed  in  the  Western  Cape  diatremes  intruded  through  the  thinnest 
lithosphere  (e.g.,  Alphard  Bank,  Robertson),  presumably  because  of  higher  extents  of  lithospheric 
contamination  in  the  thick  cratonic  or  mobile  belt  settings  where  kimberlites  occur. 
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The  presence  of  HIMU  as  a  mixing  end-member  in  Group  1  kimberlites  and  melilitites  from 
throughout  southern  Africa  is  difficult  to  explain  by  direct  derivation  from  one  or  more  mantle 
plumes.  Moreover,  the  fact  that  HIMU  is  most  strongly  expressed  in  magmas  intruded  through  the 
thinnest  lithosphere  (e.g.,  Alphard  Bank,  Robertson)  suggests  that  the  HIMU  source  is  not  present  in 
the  main  part  of  the  lithosphere  but  rather  exists  as  a  widespread  domain  at  its  base.  Ancient 
subducted  oceanic  crust,  which  may  be  present  as  an  underplated  layer  beneath  much  of  the  southern 
African  lithosphere  (e.g.,  Taylor  et  al.,  1987),  is  a  good  candidate  for  such  a  source  domain, 
provided  it  has  remained  in  convective  isolation  for  the  past  1-2  Ga. 

As  proposed  for  the  Namaqualand  melilitites  (Janney  and  le  Roex,  this  volume),  the  linear,  age- 
progressive  expression  of  the  Western  Cape  melilitites  may  have  resulted  from  the  action  of  a 
stationary  mantle  plume  or  hotspot  as  a  heat  source  at  the  base  of  the  lithosphere  (e.g.,  Wilson  et  al., 
1995).  The  melts  produced  would  variably  interact  with  and  assimilate  lithospheric  mantle  material 
during  ascent,  causing  the  observed  HIMU-EM  1  compositional  array. 
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Figure  1.  Map  showing  the  locations  and  ages  of  the  Western  Cape 
diatremes  and  the  major  lithospheric  provinces  (with  approximate 
stabilization  ages). 
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Figure  2.  Sr  vs.  Pb  isotope  ratios  for  the  Western  Cape  melilitites.  Also 
shown  are  mixing  curves  between  hypothetical  HIMU  (H)  and  Atlantic 
MORE -source  (A)  endmembers  and  continental  lithosphere  (C).  Elemental 
data  for  the  endmembers  is  from  Chauvel  et  al.  (1992)  and  Hawkesworth  et 
al.  (1990). 


RbBaThNb  K  LaCeSr  P  NdZrSmTl  TbDy  Y  ErYb 


RbBaThNb  K  LaCeSr  P  NdZrSmTl  TbDy  Y  ErYb 


Figure  3.  Incompatible  element  patterns  of  the  Western  Cape  alkali 
basalt/melilitite  diatremes.  Note  the  increased  relative  abundances 
of  Ba,  Th  and  the  LREE  and  the  relative  depletions  in  Zr  and  Ti  in 
the  Sutherland  and  Saltpetre  Kop  melilitites. 
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Archons,  Protons  and  Tectons:  an  update 


Janse,  A.J.A. 

Archon  Exploration  Pty  Ltd,  1 1  Rowsley  Way,  Carine,  Western  Australia  6020 

Janse  (1994)  proposed  a  simple  classification  of  cratons  into  three  major  divisions,  i.e.  Archons, 
Protons  and  Tectons.  Cratons  were  interpreted  in  the  broadest  sense  in  that  they  include  Archaean 
cores  or  nuclei  as  well  as  Palaeoproterozoic,  Mesoproterozoic  and  Neoproterozoic  mobile  belts.  This 
whole  assemblage  often  carries  a  bewildering  array  of  local  stratigraphic  and  tectonic  names  so  that 
it  is  confusing  for  a  geologist,  not  familiar  with  the  area,  to  understand  the  tectonic  pattern.  This  is 
important  for  diamond  exploration  as  economic  kimberlites  occur  only  in  areas  underlain  by 
Archaean  basement,  termed  Archons,  which  in  most  cases  infers  a  thick  lithosphere,  whereas 
economic  lamproites  can  occur  in  areas  underlain  by  Palaeoproterozoic  basement,  termed  Protons 
(Janse,  1994).  The  divisions  were  defined  as  follows: 

i)  Archon  -  basement  rocks  of  Archaean  age  and  the  minimum  age  of  the  last  thermal  event  I 
is  2,500  Ma; 

ii)  Proton  -  basement  rocks  of  Palaeoproterozoic  to  Mesozoic  age,  2,500  -  1,600  Ma  and  the 
minimum  age  of  the  last  thermal  event  is  1 ,600  Ma; 

iii)  Tecton  -  basement  rocks  of  Neoproterozoic  age,  1,600  -  800  Ma  and  the  last  thermal 
event  is  800  Ma. 

Parts  of  a  craton  can  be  re-activated  by  a  later  thermal  event  and  so  become  rejuvenated  from 
Archon  to  Proton  or  Tecton  or  from  Proton  to  Tecton  and  this  has  consequences  for  their  economic 
diamond  potential. 

The  three-fold  division  has  generally  been  accepted  favourably  and  has  been  referred  to  in  many 
publications.  Most  critics  said  that  the  tectonic  framework  of  cratons  was  not  that  simple  and  that  the 
basement  of  Protons  should  be  differentiated  into  reworked  Archaean  and  juvenile  Proterozoic; 
others  suggested  a  further  division  into  old  and  young  Protons  with  time  boundaries  at  2,500  to 
1,800  Ma  and  1,800  to  1,000  Ma,  shifting  the  Tecton  boundary  to  1,000  to  600  Ma.  Indeed,  the 
tectonic  frameworks  of  cratons  are  often  very  complex  and  it  was  exactly  for  this  reason  that  a 
simple  division  was  proposed  knowing  that  it  only  approximated  the  structure  of  the  actual  tectonic 
framework.  Griffin  et  al  (1997)  found  that  mineral  chemistry  data  from  mantle  xenoliths 
corroborated  a  three-fold  division  with  the  1 ,600  MA  boundary  shifted  to  1 ,000  Ma. 

On-going  tectonic  research  worldwide  will  undoubtedly  keep  changing  the  picture  but  for  the 

moment  a  four-fold  division  is  proposed.  It  is  difficult  to  find  four  simple  names,  instead  of  three,  so 
that  a  preliminary  new  proposal  includes  the  following: 

i)  Archon  -  age  of  basement  rocks  to  2,500  Ma; 

ii)  Palaeoproton  -  age  of  basement  from  2,500  to  1,800  Ma; 

iii)  Mesoproton  -  age  of  basement  from  1,800  to  1,000  Ma; 

iv)  Tecton  -  age  of  basement  from  1,000  to  600  Ma. 

Compared  to  the  maps  displayed  in  Janse  (1994),  the  geographical  boundaries  of  the  worldwide 
cratonic  subdivisions  have  been  redrawn  in  places  (as  shown  in  the  posters)  to  accommodate  the 
new  divisions.  New  information  has  indicated  that  blocks  of  probable  Archaean  basement  occur  in 
several  new  areas  which  was  not  generally  known  before,  and  new  kimberlite  and  lamproite  fields, 
some  of  which  contain  economic  occurrences,  have  been  discovered  since  1991  (the  date  of  the 
maps  in  Janse,  1994).  New  discoveries  and  changes  are  briefly  summarized  below. 

Australia.  The  Australian  continent  comprises  three  cratons,  the  North  Australian,  West  Australian 
and  South  Australian  cratons  in  the  western  three-quarters  of  the  continent.  The  North  Australian 
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craton  contains  the  Argyle  olivine  lamproite  occurrence  on  which  the  world’s  largest  diamond  mine 
was  developed.  It  also  contains  the  new  Merlin  kimberlite  field,  which  was  discovered  by  Ashton 
Mining  in  1994.  It  contains  12  small  pipes,  of  which  4  pipes  are  being  developed  into  a  diamond 
mine  with  a  planned  annual  production  of  300,000  carats  starting  in  early  1999.  Diamondiferous 
kimberlites  were  also  known  from  the  northern  part  of  the  Kimberley  Archon  and  it  appears  that  the 
new  Beta  Creek  kimberlite  field,  discovered  in  1994  by  Striker  Resources  contains  an  economic 
occurrence  in  the  Lower  Bulgurri  and  Ashmore  dykes  and  pipes.  The  North  Australian  craton 
produces  up  to  40  %  by  weight  and  5  %  by  value  of  the  world’s  diamond  production  at  present  and 
ranks  No.  1  in  weight  and  No.  4  in  value.  The  new  Leonora  kimberlite  field  has  been  found  recently 
(1997)  in  the  central  part  of  the  Yilgam  Archon  of  the  West  Australian  craton.  Six  occurrences  are 
known  so  far.  A  few  contain  traces  of  diamonds,  but  no  economic  occurrences  have  been  outlined  to 
date.  The  Nabberu  kimberlite  field  in  the  northeastern  part  of  the  Yilgam  Archon  was  discovered  in 
1990,  but  no  economic  discoveries  were  made.  Both  fields  are  Palaeoproterozoic  in  age.  A  few 
lamprophyric  occurrences,  superficially  resembling  kimberlites  were  found  on  the  Pilbara  Archon  of 
the  West  Australian  craton  in  1991,  but  apparently  no  true  kimberlites  have  been  found  there.  The 
West  Australian  craton  is  one  of  the  few  of  the  world’s  cratons  in  which  true  kimberlites  were  not 
known  for  and  have  been  discovered  only  recently.  Several  kimberlite  fields,  some  of  which  contain 
diamondiferous  kimberlites,  are  known  in  the  South  Australian  craton  on  the  Gawler  Archon  and  the 
Adelaide  Proton,  but  no  economic  discoveries  have  been  made.  The  non-cratonic  eastern  part  of  the 
Australian  continent,  the  Tasman  Orogen,  contains  numerous  small,  alluvial  diamond  occurrences. 
The  primary  source  rock  of  these  diamonds  has  not  yet  been  found.  A  possible  relationship  with 
sapphire-bearing  alkaline  basalts  and  a  new  concept  of  diamond  formation  during  Palaeozoic 
subduction  of  ocean  floor  basalt  and  sediments  (the  S-model)  has  been  proposed  (Barron  et  al, 
1996). 

China.  There  have  been  more  discoveries  of  kimberlites  and  lamproites,  some  of  which  contain 
diamonds,  in  the  North  China  craton  and  the  Yangtze  craton,  but  this  has  not  resulted  in  a  significant 
increase  in  diamond  production.  Unconfirmed  reports  of  the  discovery  of  kimberlites  in  southern 
North  Korea  and  perhaps  the  northern  part  of  South  Korea  exist,  but  no  specific  data  are  available. 
India.  The  Geological  Survey  of  India  has  reported  the  discovery  of  additional  kimberlites  in  the 
Dharwar  Archon,  including  some  in  southern  Madhya  Pradesh  which  may  be  the  source  of  the 
alluvial  diamonds  found  in  Orissa.  However,  no  economic  discoveries  have  been  made  as  yet.  Since 
1994  the  Mining  Act  has  been  changed  to  allow  foreign  companies  to  explore  in  India  so  more 
discoveries  may  be  made  in  future. 

Southern  Africa.  Additional  discoveries  of  small  diamondiferous  kimberlite  pipes  and  dykes  has 
increased  the  already  high  number  of  occurrences  in  the  Southern  African  craton.  In  particular  the 
Klipspringer  dykes,  being  evaluated  by  SouthernEra,  may  become  a  mine.  The  opening  of  the 
Venetia  mine  and  increased  production  at  the  Orapa  and  Jwaneng  mines  made  a  considerable  impact 
on  diamond  production.  The  southern  African  craton  produces  at  least  25  %  by  weight  and  43  %  by 
value  of  the  world’s  production  by  volume,  and  ranks  No.  2  in  weight  and  No.  1  in  value. 

Central  Africa.  Two  of  the  three  Archons  in  the  Central  African  craton  contain  economic 
kimberlite  pipes,  but  these  have  not  yet  been  found  in  the  Gabon  Archon.  The  Williamson  mine  in 
the  Tanzanian  Archon  has  been  refitted  by  Willcroft  (a  De  Beers  affiliated  company)  with  the 
Tanzanian  government  stepping  back  from  50  %  to  25  %  equity,  but  production  is  not  expected  to 
be  high.  Several  pipes  in  the  Lunda-Kasai  Archon  located  in  Angola  are  believed  to  be  economic, 
but  the  Angolan  civil  war  prevented  their  development.  One  pipe,  Catoca,  is  reported  to  be  close  to 
start-up.  Plans  for  the  development  of  another  pipe,  Camafuca-Camazambo  are  being  considered. 
Thus  far  all  production  in  the  Central  African  craton  came  from  alluvial  deposits.  Since  1990  this 
production  has  decreased  dramatically  because  of  political  and  social  unrest,  but  may  pick  up  as  the 
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situation  appears  to  have  quieted  down.  The  Central  African  craton  produces  23  %  by  weight  and  24 
%  by  value  in  the  world's  diamond  production  and  ranks  No.  3  in  weight  and  No.  2  in  value. 

West  Africa.  Despite  reports  to  the  contrary  I  do  not  think  that  the  primary  source  for  the  alluvial 
diamonds  in  Ghana  has  been  found.  The  civil  wars  in  Liberia  and  Sierra  Leone  have  prevented 
development  of  known  pipes  and  dykes  and  decreased  alluvial  production.  The  Aredor  mine  in 
Guinea  closed  for  economic  reasons,  but  exploration  and  re-development  are  being  considered.  The 
Kenieba  field  in  Mali  is  being  re-evaluated  by  Ashton  Mining  who  is  also  exploring  the  Reguibat 
shield  in  northern  Mauretania.  The  West  African  craton  produces  2  %  by  weight  and  3  %  by  value  in 
the  world’s  diamond  production  and  ranks  No.  6  in  weight  and  No.  5  in  value. 

North  America.  The  discovery  of  economic  kimberlites  in  the  Slave  Archon  of  the  Laurentian 
craton  has  rejuvenated  diamond  exploration  efforts  worldwide.  Since  1991,  more  than  150 
kimberlites  were  found  there,  of  which  more  than  50  are  diamond-bearing.  The  youngest  age  of 
intrusion  is  Eocene  (47.5  Ma).  Other  kimberlites  in  the  region  are  of  Late  Ordovician  age  (440-450 
Ma).  The  BHP-DiaMet  mine,  located  between  Exeter  Lake  and  Lac  de  Gras  is  scheduled  to  start 
production  in  1998  at  an  annual  rate  of  2  to  3  million  carats.  Diamond-bearing  kimberlites  of 
Mesozoic  and  of  Precambrian  (1100  Ma)  age  have  been  found  in  the  James  Bay  Lowlands  of 
Ontario,  but  have  not  yet  proved  to  be  economic.  Detailed  evaluation  of  the  long-known  Crater  of 
Diamonds  in  Arkansas  has  shown  that  this  occurrence  is  not  economic. 

South  America.  The  South  American  continent  comprises  two  cratons,  the  Amazonian  craton, 
which  includes  the  Guiana,  Xingu  and  Sao  Francisco  Archons  separated  by  several  Proterozoic 
belts,  and  the  Plata  craton  in  Uruguay  and  northern  Argentina,  the  boundaries  of  which  are  still 
undefined.  Despite  renewed  exploration,  which  found  additional  kimberlites  and  lamproites,  the 
source  of  the  alluvial  diamonds  on  the  southwestern  margin  of  the  Sao  Francisco  Archon  in  the 
Coromandel  region  (Alto  Parnaiba  region)  of  southwestern  Minas  Gerais  and  eastern  Goals  has  still 
not  yet  been  found.  All  production  from  the  Amazonian  craton  comes  from  alluvial  deposits.  It 
produces  about  3  %  by  weight  and  3  %  by  value  in  the  world’s  diamond  production  and  ranks  No.  5 
in  weight  and  No.  6  in  value.  There  is  no  recorded  diamond  production  from  the  Plata  craton. 

Russia.  The  Russian  Federated  State  comprises  two  cratons,  the  East  Siberian  craton  and  the  Amur 
craton  and  shares  a  third,  the  East  European  craton,  with  the  Ukraine.  From  the  seven  pipes 
operating  in  1990  only  one,  Udachnaya,  appears  to  be  still  in  continuous  production;  the  rest  being 
delayed  in  refitting  owing  to  lack  of  finance.  As  a  result  production  decreased  markedly.  The  Jubilee 
pipe  in  the  Daaldyn  field  has  been  scheduled  for  start  up  in  the  near  future.  The  Nyurba 
diamondiferous  kimberlite  field  has  recently  been  discovered  near  the  confluence  of  the  xxx  and  the 
Vilyiu  River  in  the  Tyung  Archon  of  the  East  Siberian  craton.  This  may  revive  diamond  production 
in  the  east  Siberian  craton  which  still  produces  11  %  by  weight  and  21  %  by  value  in  the  world’s 
diamond  production  and  ranks  No.  4  in  weight  and  No.  3  in  value. 
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Fluids  trapped  within  diamond:  clues  to  mantle  geochemistry 


Johnson,  L.H.  \  Burgess,  R.  \  Turner,  G.  \  and  Milledge,  H.J. 2. 

1  Dept,  of  Earth  Sciences,  University  of  Manchester.  Oxford  Rd..  Manchester.  UK 
2Dept.  of  Geological  Sciences,  University’  College  London,  Gower  St..  London.  UK 

An  extension  of  the  40Ar-39Ar  stepped  heating  method  enables  noble  gas  and  halogen  (Br,  Cl  and  I) 
contents  of  H20-C032'-K20  rich  fluid  inclusions  (Navon  et  al. ,  1988)  within  diamonds  to  be 
measured. 

This  study  compares  coated  stones  with  fluid  inclusion  bearing  ‘clouds’.  Coated  stones  show 
constant  40Ar*/Cl  and  Br/Cl  values  and  limited  variations  in  the  I/Cl  ratio  (Burgess  and  Turner,  1995; 
Turner  et  al.,  1990;  Ozima  et  al,  1989).  Initial  results  for  clouds  show  variation  in  the  Br/Cl  and  I/Cl 
ratios  between  high-  and  low-temperature  releases  for  single  stones.  This  may  be  a  result  of  the  more 
complicated  growth  history,  as  suggested  by  the  nitrogen  aggregation  states  of  clouds. 

Carbon  isotope  analyses  of  cloud  diamonds  record  8*X  values  of  between  -3.4%o  to  -8.2%o  in 
general  agreement  with  the  globally  uniform  coated  stone  established  value  (Boyd  et  al.,  1994). 

Clouds  from  various  kimberlite  pipes  have  been  studied,  DeBeers  Pool  (3),  Finsch  (1),  Koffiefontein 
(5),  Venetia  (3),  and  Premier  (7);  a  total  of  19.  Average  sample  weight  ranges  from  5mg  to  40mg. 
The  system  blanks  are  small  enough  to  allow  step  heating  of  the  diamonds,  between  900°C  and 
2150°C. 

All  the  clouds  exhibit  very  different  release  patterns  compared  to  coated  stones  (fig.l).  The  coat 
release  pattern  is  characterised  by  two  release  peaks,  one  at  low  temperature  (1600°C)  and  one 
associated  with  graphitisation  (2050°C).  Previous  studies  on  coats  (Turner  at  al,  1990)  suggest  that 
the  low  temperature  release  at  is  due  to  decrepitation  of  inclusions  or  radiation  damage.  Ozima  et  al., 
(1989)  note  that  the  dominant  release  is  at  the  graphitisation  temperature.  The  release  patterns  for 
clouds  are  much  broader,  starting  at  900°C.  Often  the  bulk  of  the  material  (in  some  cases  ~80%Ar, 


FIG  I.  Typical  pattern  for 
halogen  release  (as  percentage 
of  the  total  halogens  released) 
for  a  coat  and  a  cloud.  It  is 
noted  that  the  dominant  release 
is  often  at  low  temperatures  for 
clouds. 


Br,  Cl)  is  released  before  graphitisation  (2050°C). 
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Unlike  the  coats,  which  exhibit  compositional  homogeneity  across  the  temperature  steps  (Turner  et 
al.,  1990,  Burgess  and  Turner,  1995),  compositional  variation  is  exhibited  by  clouds.  Fig. 2  shows  the 
variation  in  Br/Cl  ratio  for  a  typical  cloud.  The  bulk  chemical  data  is  presented  in  Table.  1  for  8 
clouds  from  2  pipes,  outlining  the  compositional  differences  that  occur  within  a  single  pipe.  These 
data  show  several  fluid  phases  have  been  trapped  within  the  diamond  during  multistage  growth.  This 
contrasts  with  the  rapid  growth  of  coats. 
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FIG  2.  Compositional  (Br/Cl)  variations  between  temperature  releases.  The  2050°C  releases  are  co-incidental  for  both 
the  coat  (solid  symbol)  and  the  cloud  (open  symbol). 

Infra-red  spectroscopy  studies  suggest  low  mantle  temperatures  and  short  mantle  residence  times  for 
coats  (Boyd  et  al.,  1987).  Preliminary  work  on  clouds  (this  study)  show  that  increased  aggregation 
states  are  common  for  cloud  diamond,  suggesting  a  longer  mantle  residence  time  and/or  higher 
temperatures. 

Separating  the  fluid  component(s)  trapped  within  the  clouds  will  help  to  resolve  questions  of  mantle 
heterogeneity  and  temporal  geochemical  variations. 


sample 

weight  (mg)  Cl  (ppm) 

Br/Cl 

K  (ppm) 

4uAr*  cc/g 
(10"y  cm3g) 

36  Ar  cc/g 

K1 

7.8 

1.29 

0.001 

17.75 

77 

3.85 

K2 

9.4 

0.96 

0.01 

13.82 

7521 

2.13 

K3 

10.4 

28.1 

0.002 

133.22 

4346 

2.88 

K4 

10.5 

1.0 

0.02 

5.61 

105 

1.90 

PI 

21.1 

23.9 

0.003 

59.07 

8673 

4.27 

P2 

26.9 

5.76 

0.002 

138.42 

1346 

1.12 

P3 

37.6 

1.6 

0.006 

19.42 

1136 

29.26 

P4 

38.7 

4.02 

0.002 

47.00 

995 

1.29 

Zaire  1 

6.4 

13.8 

29.8 

6990 

0.30 

TABLE  1.  Bulk  chemical  data  for  ‘cloud’  samples  from  two  pipes.  Koffiefontein,  K;  Premier.  P. 
Zaire  stone  (Turner  et  al..  1990)  added  for  comparison. 
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Noble  gas  and  halogen  systematics  of  fluids  within  diamond  coats  from  Canada 
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Since  the  discovery  of  the  H20-C032'-K20  rich  fluid  inclusions  within  coated  stones,  much  work  has 
been  devoted  to  characterising  these  fluids  and  extrapolating  these  findings  to  the  mantle  in  which 
diamonds  grow.  African  diamonds  previously  studied  have  40Ar-K  ratios  corresponding  to 
meaningless  old  ages  (~6Ga).  The  excess  40 Ar*  is  trapped  in  the  fluid  inclusions  and  correlates  well 
with  chlorine,  values  of  40Ar*/Cl  are  consistently  ~8.5  x  10*4  molar.  This  study  presents  data  on  15 
diamonds  from  the  North  West  Territories  (NWT)  of  Canada  and  compares  them  with  the  relatively 
well  known  diamonds  from  Jwaneng,  Botswana  and  Zaire. 

The  results  suggest  that  a  very  different  fluid  component  was  involved  during  diamond  formation 
beneath  the  Slave  Craton. 

Introduction 

An  extension  of  the  40Ar-39Ar  stepped  heating  method  enables  noble  gas  and  halogen  (Br,  Cl  and  I) 
contents  of  fluid  inclusions  within  diamonds  to  be  measured.  Nuclear  irradiation  converts  the 
potassium  and  halogen  species  to  stable  noble  gas  isotopes  which  are  then  released  upon  step  heating 
of  the  sample  and  measured  simultaneously  using  a  mass  spectrometer.  A  double  vacuum  furnace 
reaches  2150°C  (above  the  graphitisation  temperature  of  diamond,  ~2000°C). 

The  study  compares  the  halogen  and  noble  gas  geochemistry  of  the  fluids  trapped  within  coated 
stones  all  believed  to  be  composed  of  a  cubic  habit  core  surrounded  by  an  octahedral  habit  coat  rich 
in  fluid  inclusions. 

In  this  study  15  coats  from  4  pipes  in  the  North  West  Territories  (NWT)  of  Canada  are  studied;  Fox 
(4),  Grizzly  (2),  Leslie  (4)  and  Koala  (5).  Average  sample  weight  was  2.4mg,  comparable  to  the 
stones  used  by  Turner  et  al.  (1990).  The  system  blanks  are  small  enough  to  allow  step  heating  of  the 
diamonds,  through  6  steps  from  900°C  to  2150°C.  The  observed  release  pattern  for  all  isotopes 
shows  two  major  release  peaks  (Fig.  1);  the  first,  low  temperature  release  at  about  1600°C.  This 
release  previously  noted,  (Turner  et  al.,  1990;  Burgess  and  Turner,  1995)  was  these  authors 
suggested,  due  to  decrepitation  of  inclusions  or  radiation  damage.  The  main  release  for  these 
Canadian  stones  however  is  often  delayed  until  2150°C,  100°  above  the  recognised  graphitisation 
temperature  of  2050°C.  This  is  not  mentioned  in  earlier  experiments  involving  diamond 
graphitisation;  it  may  be  due  to  inclusion  density  or  size  and  their  effect  on  the  reaction  kinetics.  It  is 
noted  that  combustion  is  complete  at  2150°C  but  further  experimentation  is  needed  for  clarification. 
In  agreement  with  the  work  of  Turner  et  al.,  no  major  compositional  differences  exist  between  the 
argon  released  at  low  temperature  and  that  released  at  high  temperature. 

The  small  sample  of  Canadian  stones  in  this  study  have  40Ar/K  ratios  corresponding  to  anomalous 
ages  of  >4.5Ga  due  to  the  presence  of  excess  argon,  first  recognised  by  Ozima  et  al.,  (1989).  The 
correlation  noticed  by  many  co-workers  between  40Ar-K  and  40Ar-Cl  is  seen  again  in  these  Canadian 
stones.  Plotted  upon  the  ‘isochron  diagram’,  (40Ar/36Ar)  against  (K/36Ar),  there  is  much  scatter,  in 
contrast  there  is  a  relatively  well  defined  array  on  a  plot  of  (40Ar/36Ar)  against  (Cl/36Ar)  (Fig. 2).  The 
gradient  of  this  graph  is  ~12  x  10*4  M,  higher  than  the  value  of  (8.4  ±  0.7)  x  10'4  M  observed 
previously  (Ozima  et  al.,  1989;  Turner  et  al,  1990;  Burgess  and  Turner,  1995)  in  stones  from 
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Botswana  and  Zaire;  it  is  similar  to  Zaire  Stone  4  in  the  Turner  et  al.  study  (1990)  with  a  value  of 
40Ar/Cl  of  (13  ±  1)  x  10*4  M.  One  notable  exception  in  this  study  is  SLEB/05  which  has  a  value  for 
40Ar/Cl  of  (5.4  ±  0.9)  x  1CT4  M. 


— • - FOX  3 C/27 1 

-  -  ♦  -  -FOX3C/27Br 

—  FOX  3  C/27  Cl 

- B - FOX  4B/21  I 

•O’  -FOX4B/21  Br 
- □ - FOX  4B/21  Cl 


Temperature  (°C) 


FIG.  1  Fractional  release  of  I,  Br  and  Cl  against  temperature  for  stepped  heating  of  2  typical  Canadian  coated  stones 
(Fox  pipe).  Halogens  are  measured  as  noble  gas  isotopes  (128Xei,  80KrBr  and  38ArCi)  produced  during  nuclear 
irradiation. 


FIG.2  40Ar/36Ar  versus  Cl/36Ar.  Fox, 
squares;  Leslie,  diamonds;  Grizzly, 
circles;  Koala,  triangles;  open  symbols 
are  temperature  steps  and  solid 
symbols  are  bulk  composition.  All 
ratios  are  molar.  < 

to 


0  10000000  20000000  30000000 


CI/36Ar 


A  plot  of  I/Cl  against  Br/Cl  (Fig. 3)  shows  most  clearly  the  differences  between  African  and  Canadian 
coated  stones.  Canadian  coats  record  extreme  Br/Cl  values  not  previously  reported  from  studies  on 
African  coats.  High  Br/Cl  in  crustal  fluids  is  normally  associated  with  residual  bitterns  following 
halite  crystallisation  or  interaction  with  hydrocarbons  in  sediments.  However  in  the  case  of  mantle 
fluids,  high  Br/Cl  and  I/Cl  may  result  from  crystallisation  of  a  Cl-bearing  phase  e.g.  apatite  or  mica, 
as  found  as  daughter  minerals  in  micro-inclusions  in  Zaire  coats  (Gutherie  et  al.,  1991;  Schrauder 
and  Navon,  1994).  Similarly  high  Br/Cl  values,  of  uncertain  origin,  have  been  measured  in 
‘magmatic’  fluid  inclusions  associated  with  granitic  magmas  (Burgess  and  Parsons,  1994;  Irwin  and 
Roedder,  1995;  Irwin  and  Reynolds,  1995). 
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Further  work  is  currently  being  undertaken  under  way  to  determine  the  exact  nature  of  these  fluids. 
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FIG  3.  I/Cl  against  Br/Cl.  Open 
squares,  Botswana  and  Zaire 
stones  (Burgess  and  Turner, 
1995);  solid  squares,  Canadian 
stones  (this  study). 

All  ratios  are  molar. 
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Experiments  with  low-T  potassic  carbonatitic  melts,  fluids  and 

diamonds. 

Jones  A  P,  Dobson  D,  Milledge  H  J,  T  Taniguchi,  Y  Litivin,  Genge  M  J,  and  Rabe  R. 

Haskel  High  Pressure  Laboratory,  Department  of  Geological  Sciences,  University  College 
London,  Gower  Street,  London,  UK  WC1E  6BT.  email  ucfbhaj@ucl.ac.uk 

We  present  comprehensive  new  data  on  alkali  carbonate  systems  obtained  through  a 
programme  of  high  pressure  experiments,  using  piston  cylinder,  multianvil  press  and 
in-situ  synchrotron  techniques;  we  have  completed  new  phase  diagrams  for  alkali- 
carbonates  to  high-P  and  measured  their  viscosities  and  densities  as  a  function  of  both 
P  and  T  (Jones  et  al,  1995;  Dobson  et  al,  1996:  summary  Table  1).  The  role  of  alkalies 
can  have  a  major  effect  in  determining  low  temperature  melt  compositions  (Genge  et  al, 
1995).  We  demonstrate  the  high  mobility  of  independent  alkali  carbonatite  melts  at 
temperatures  well  below  the  solidus  of  peridotitic  mantle  (silicate)  rocks  and  similarly 
below  propsed  continental  /  shield  geotherms  (Fig.  1). 


Fig.  1 
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The  composition  of  potassic-magnesian  carbonates  have  particularly  low  melt 
temperatures  over  a  wide  range  of  pressures,  and  have  high  solute  capacities  for  volatile 
elements,  such  as  water  and  halogens.  This  bulk  composition  is  similar  to  the  fluids  in 
'coated  stone'  type  diamonds.  At  higher  pressures  (8-10  GPa)  the  same  K-Mg- 
carbonate  can  transform  graphitic  carbon  directly  to  diamond  (Taniguchi  et  al,  1996). 
Limited  experiments  with  Na-Mg  carbonate  melts  show  similar  behaviour  to  the  K-Mg 
melts,  both  in  terms  of  low-T  behaviour  and  diamond  growth  potential.  We  propose  a 
dynamic  model  for  diamond  formation  from  carbonatitic  melts;  changes  of  local 
mantle  conditions,  including  oxygen  fugacity  and  bulk  composition  through  localised 
reactions  could  both  nucleate  and  crystallise  diamond  directly  from  carbonate  melts. 
Stable  isotope  data  from  our  carbonate-diamond  experiments  suggest  there  is  no  major 
isotopic  fractionation  during  this  transformation  of  carbon;  this  is  in  accord  with  the 
coincidence  for  carbon  isotope  signatures  between  natural  carbonatites  and  most 
diamonds  (5^C  ca.~  -5%o). 
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Fig.  2 
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Summary  diagram  of  carbonate-diamond  experiments  at  UCL  in  relation  to 
other  documented  diamond  formation  conditions,  mineral  equilibria  and 
peridotite  solidus  data. 

Finally,  there  are  clear  petrogenetic  paths  between  these  carbonatitic  melts  and 
kimberlites;  the  high  alkali  contents  also  suggest  a  number  of  links  (though  less  clear) 
between  kimberlites,  carbonatites  and  even  with  mantle  metasomatic  processes 
including  the  MARID  suite  (eg:  Jones,  1989). 
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Table  Is 


In-situ  physical  data  for  super-liquidus  carbonate  melts 
measured  at  P-T  with  synchrotron  (ref:  Dobson  et  al,  1996) 


Composition 

P  (GPa) 

T  (°C) 

density 

viscosity 

(g/cm3) 

(Pas) 

K2Mg(C03)2 

3.0 

800 

0.036 

3.0 

900 

0.022 

5.5 

1200 

0.006 

K2Ca(C03)2 

2.5 

950 

2.75 

0.032 

2.5 

1150 

2.58 

0.018 

4.0 

1050 

2.80 

0.023 

REEcarb* 

3.0 

530 

4.10 

0.155 

(Jones  and 

Wyllie,  1983) 
K2CO3 

4.0 

1500 

3.10 

0.023 

*  REE-rich  carbonate  melts  can  have  high  densities. 
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The  Birim  area  is  the  main  diamondiferous  area  in  Ghana.  It  is  situated  in  the  Birim  River  drainage 
basin,  and  is  dominated  by  metamorphosed  greywackes,  phyllites,  crystalline  schists, 
metamorphosed  basic,  ultrabasic  and  pyroclastic  rocks  of  the  Birim  formation,  granites  and 
granodiorites  and  dykes  of  acid  rocks.  Diamondiferous  placers  are  known  to  be  present  in  some 
areas  of  the  river’s  watercourse  and  along  its  left  and  right  affluents.  More  than  100  million  carats 
of  diamonds  have  been  recovered  from  these  placers  since  the  1920s.  There  were  no  known 
primary  diamond  deposits  in  the  Birim  area. 

Diamonds.  Rounded-dodecahedral  and  octahedral  (both  flat  faced  octahedra  and  rare  rounded 
octahedroids)  crystals  are  predominant  among  the  diamonds  from  the  Birim  area.  A  high  proportion 
of  twins  and  aggregates  is  specific  to  these  diamonds:  it  varies  in  different  areas  from  5.2  to  33.0%. 
A  few  combination-type  diamonds  and  single  cubic-habit  crystals  have  been  found.  There  appears 
to  be  a  correlation  between  the  morphology  and  size  of  diamonds:  the  finer  the  crystals  are,  the 
higher  is  the  proportion  of  octahedra  among  them.  Many  of  the  diamonds  studied  bear  marks  of 
natural  resorption,  which  manifests  itself  in  etch  channels,  patterns  and  caverns  and  a  corrosion- 
induced  fabric  on  the  crystal  surfaces. 

The  majority  of  the  diamonds  from  the  placers  of  the  Birim  area  are  colorless.  The  less  numerous 
colored  stones  are  predominantly  smoky-brown  and  gray.  The  coloration  is  epigenetic.  There  are 
also  two  pale  green  crystals;  their  coloration  is  caused  by  abundant  pigmentation  spots. 

Pigmentation  spots  and  their  clusters  are  rather  common  for  the  Ghanaian  diamonds.  The  spots  are 
typically  pale  grayish-green  in  color.  In  some  cases,  pigmentation  spots  are  colored  bright-green  or, 
rarely,  light-brown. 

The  most  typical  erosion  evidence  shown  by  diamonds  are  glossy  spallation  surfaces  with  sharp 
edges  developed  to  different  extents,  from  the  smallest  pits  on  the  edges  of  intact  crystals  to  acute- 
angular  fragments  spalled  on  all  sides.  Such  spallation  surfaces,  much  like  the  surfaces  of  spalled 
crystals,  typically  bear  no  direct  evidence  of  erosion:  only  their  thin,  sharp  edges  are  fractured  and 
crumbled.  No  crescentiform  and  annular  fissures,  rhombic  patterns  or  abrasions  dulling  the  faces  or 
blunting  and  rounding  of  edges  and  apices  have  been  noted  in  the  diamonds  studied.  The  fact  that 
the  diamond  surfaces  are  free  of  any  marks  of  intensive  mechanically-induced  erosion 
(crescentiform  and  annular  fissures,  mechanogenic  dulling  of  the  faces  and  blunting  and  rounding  of 
edges  and  apices)  implies  that  no  crystals  from  older  intermediate  collectors  of  marine-coastal 
genesis  have  been  supplied  to  the  placers. 
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All  the  crystals  studied  contained  nitrogen  impurities  in  the  forms  of  IaA  (two  nitrogen  atoms),  IaB 
(aggregated  nitrogen)  and  “platelets”  centres.  The  concentrations  of  these  impurities  are  moderate, 
mostly  varying  within  the  range  of  1019-1020  atoms  per  cm3. 

About  14%  of  the  diamonds  studied  enclose  mineral  inclusions  of  ultramafic  association. 
Diamonds  with  inclusions  of  olivine  are  most  abundant,  and  account  for  73%  of  the  total  number  of 
inclusion-bearing  diamond  crystals.  Much  rarer  in  occurrence  are  diamonds  with  inclusions  of 
chrome  spinel  (9%)  pyrope  (9%)  and  the  simultaneous  presence  of  both  olivine  and  chrome  spinel 
(9%).  Olivines  show  similar  contents  of  the  forsterite  component  (91  -  94  mol.  %,  with  a  peak  at 
93  mol.  %)  with  insignificant  admixtures  of  oxides:  Cr  (up  to  0.09  wt.  %),  Ca  (up  to  0.04  wt.  %) 
and  Ni  (0.27  -  0.49  wt.  %).  Noteworthy  is  the  enormously  high  Ni  concentration.  Chrome  spinels 
are  very  rich  in  Cr  (62.5-64.5  %  Cr203),  and  contain  less  than  0.35  %  Ti02.  Garnets  are  mostly 
chromian  pyropes  (Cr203  =  5.8  -  11.8  wt.  %;  CaO  =  0.28-4.91  wt.  %).  No  minerals  of  eclogitic 
association  have  been  found  in  Ghanaian  diamonds,  which  is  in  agreement  with  previous  studies 
made  by  Stachel  et  al. 

Carbon  isotope  composition  of  Birim  diamonds  lies  within  a  range  -3.5%o  to  -8%o. 

Heavy  minerals.  In  the  Birim  placer  diamond  deposits,  the  set  of  essential  minerals  is  represented 
by  staurolite-ilmenite,  ilmenite-staurolite,  staurolite-rutile  and,  in  one  case,  ilmenite-staurolite- 
hematite  associations.  Essentially  all  the  samples  contain  hematite  and  iron  hydroxides  as 
aggregate-type  grains,  in  amounts  of  less  than  10%.  Almandine,  diopside,  amphibole,  tourmaline, 
kyanite,  rutile  and  blue  spinel  are  also  present  in  moderate  amounts.  These  minerals  portray 
completely  the  character  and  composition  of  rocks  developed  in  this  region.  Some  ilmenites 
contain  high  Mn  concentration,  up  to  2.4  %  MnO.  No  pyrope  and  the  other  “classical” 
kimberlite/lamproite  indicator  minerals  indicator  minerals  have  been  found  in  the  washing  samples. 

Bedrock  “metakimberlites”  and  other  volcanics.  Some  volcanic  rocks  were  reported  to  be 
diamondiferous  within  the  Birim  area.  They  comprise  subvertical  dykes  of  NE  orientation. 

The  Ajampesana  A  metakimberlite  was  crossed  by  an  old  trench,  and  no  bedrock  was  observed 
there.  The  Beduwara  dyke  has  been  exposed  by  an  open  cut  100  x  15  m  and  20  m  deep.  These 
rocks  form  dykes  which  have  been  found  only  in  small  mines  excavated  by  local  miners.  No  fresh 
volcanic  material  is  available  now  from  these  mines.  Rocks  making  up  the  dykes  are  intensively 
metamorphosed,  and  have  been  subject  to  surface  alteration  within  a  mature  crust  of  weathering.  In 
the  samples  studied,  the  absence  of  any  diamond  indicator  minerals,  even  those  that  are  the  most 
resistant  to  weathering  crust  conditions  (chrome  spinels),  makes  it  impossible  to  classify  these  rocks 
as  kimberlite  or  lamproite. 

The  heavy  fraction  from  each  dyke  is  composed  mainly  of  ilmenite  and  rutile.  Sparse  grains  of 
magnetite,  hematite,  staurolite  and  other  minerals  are  present.  Ilmenite  from  the  Ajampesana  A 
metakimberlite  is  characterized  by  a  relatively  low  FeO  content  and  by  a  high  Mn  concentration, 
3. 3-3. 8%  MnO.  Rutile  appears  to  be  somewhat  different  than  that  contained  in  the  alluvial  samples, 
though  its  composition  is  the  same  and  corresponds  to  the  Ti02  stoichiometric  formula.  It  is 
represented  by  fine-grained  (less  than  0.6  mm  in  size)  elongated  and  prismatic  grains  with  severely 
corroded  surfaces.  These  latter  often  have  light  colored  attachments  of  leucoxene  and  iron 
hydroxides. 
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Diamonds  were  found  in  each  dyke.  They  are  colorless  dodecahedra,  octahedra  and  combination 
crystals.  The  diamonds  show  almost  no  traces  of  abrasion. 

The  Ajampesana  B  ultramafic  dyke  ("Lion pit")  was  excavated  by  local  miners  for  diamonds  at  the 
contact  of  the  dyke  with  the  Birim  shists.  The  ultramafic  volcanics  have  a  microcrystalline, 
lepidoblastic  texture.  It  is  composed  of  a  microscaly  aggregate  of  magnesian  chlorite  and  talc, 
which  encloses  rather  homogeneously  distributed  inclusions  of  almost  colorless  amphibole  grains 
0.01-0.05  mm  in  size,  sometimes  up  to  0.1  mm.  The  ultramafic  volcanics  also  contain  scarce 
leaflets  of  a  colorless  mica-like  mineral  substituted  by  chlorite  in  the  grain  margins  (relics  are 
preserved  in  the  central  parts  of  grains  only),  and  isometric  segregations  composed  of  coarse-tabular 
(up  to  0.5  mm)  chlorite,  which,  in  some  cases,  show  nearly  isomorphic  shapes  and  may  be 
pseudomorphs  after  dark-colored  minerals.  In  addition,  rather  coarse  (up  to  0.5  mm)  aggregate-type 
grains  of  yellowish-brown  rutile  are  present  in  the  sample;  these  grains  feature  irregular  isometric  or 
slightly  elongated  shapes  with  uneven  boundaries.  No  mineralogical  or  structural  features  of 
kimberlite  or  lamproite  can  be  distinguished  now  in  these  intensely  weathered  “ultramafic 
volcanics”. 

The  rocks  yield  a  rather  low  proportion  of  heavy  minerals  (0.1 -0.4%  of  the  total  weight  of  the 
samples);  this  heavy  fraction  is  almost  100%  rutile  with  attached  chlorite.  Rutile  is  in  the  form  of 
elongated  prismatic  grains  up  to  0.6  mm  along  their  axes.  Cruciform  twins  are  rather  common.  All 
the  grains  are  extensively  corroded;  their  color  varies  from  reddish-brown  to  brownish-red.  Single 
ilmenite  and  chlorite  grains  and  amphibole  aggregates  were  also  noted  in  the  heavy  fractions.  The 
composition  of  the  ilmenite  and  rutile  is  the  same  as  in  the  alluvial  concentrate  samples  and  in  the 
other  bedrock  samples. 

Despite  the  extremely  high  intensity  of  alteration,  the  distribution  of  the  major  elements  in  chemical 
composition  (determined  by  silicate  analysis)  and  some  microelements  (determined  by  X-ray 
fluorescent  analysis)  indicate  that  both  rocks  are  probably  ultramafic,  based  on  the  low  Si02  content, 
the  rather  low  (for  mature  crusts  of  weathering)  A1203  content  and  the  low  concentrations  of 
incompatible  elements  (Ti,  Nb,  Sr).  High  contents  of  Al,  Fe  and  Zr  may  be  due  to  the  accumulation 
of  these  elements  in  the  zone  of  weathering. 

Conclusions.  Judging  by  the  diamond  morphology  and  intactness,  the  primary  sources  are  located 
in  the  proximity  of  the  known  placer  deposits.  The  presence  of  diamonds  in  the  Beduwara  dyke  and 
the  Ajampesana  B  “metakimberlite”  indicates  that  these  rocks  are  indeed  primary  diamondiferous 
rocks  which  may  have  been  the  source  of  diamonds  in  the  alluvial  placers.  The  primary  nature  of 
these  rocks  is  still  not  identified.  The  diamonds  from  the  placer  deposits  contain  mineral  inclusions 
of  ultramafic  association  (olivine,  chrome  spinel  and  pyrope  garnet).  On  the  other  hand,  no 
kimberlite/lamproite  indicator  minerals  were  found  in  the  diamondiferous  rocks,  and  the  diamonds 
in  the  placers  are  not  accompanied  by  common  indicator  minerals,  such  as  pyrope  garnet,  chrome 
spinel,  chrome  diopside  and  picroilmenite.  Only  high-manganese  ilmenite  may  be  considered  as  a 
probable  diamond  indicator  mineral. 
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Geology.  As  a  result  of  work  of  Canadian  and  Russian  geologists  in  1994-1996,  four 
diamondiferous  minette  dykes  were  discovered  in  the  Parker  Lake  area,  N.W.T.,  Canada.  The  area 
is  located  west  of  Hudson  Bay  between  Rankin  Inlet  and  Baker  Lake  within  the  Churchill  Province, 
which  is  considered  to  be  a  nucleus  for  the  Laurentian  supercontinent.  The  area  belongs  to  the 
Heame  Eocraton  with  mainly  juvenile  Late  Archean  (2. 8-2. 6  Ga)  crust  with  rare  relics  of  older 
gneiss  (3.1  to  2.9  Ga).  This  portion  of  the  Churchill  Province  between  the  Proterozoic  orogens  is 
known  as  the  Keewatin  Hinterland.  It  is  an  area  of  wide  development  of  potassic  and  ultrapotassic 
volcanism  including  Proterozoic  Christopher  Island  Formation  (CIF)  lamprophyric  dykes. 

Three  diamondiferous  minette  dykes,  the  Thirsty  Lake  Dyke,  the  South  Dyke  and  the  North  Dyke 
form  a  large,  single  zone  (the  Akuilak  system),  over  15  km  in  length.  The  dykes  show  rather 
constant  thicknesses  of  1  -2  m  and,  locally,  up  to  4-8  m.  They  are,  in  general,  oriented  in  a  N-S 
direction  and  dip  steeply  to  the  east.  Each  of  the  dykes  is  a  system  of  separate  rock  bodies  that  are 
arranged  en  echelon  and  wedge  in  and  out  along  its  general  strike.  The  dykes  are  accompanied  by 
tongues,  which  may  be  removed  by  as  far  as  100  m  from  the  main  body.  This  fact  suggests  that 
extensive  tectonic  displacement  took  place  during  the  dyke  formation. 

The  V-Day  Dyke  is  the  smallest  of  the  dykes  known  at  present  within  this  area.  Its  total  length  is 
about  300  m.  It  is  possibly  a  part  of  another  system  of  submeridionally  orientated  minette  dykes. 

Age.  Because  CIF  lamprophyre  dykes  cross-cut  the  minette  dykes,  the  minette  dykes  are  interpreted 
to  be  older  than  the  CIF  lamprophyric  dykes.  Their  Rb-Sr  age  is  1867  +/-30  Ma,  what  coincides 
with  a  1832  +/-50  Ma  U-Pb  age  reported  earlier  by  McRae  et  al. 

Petrography.  The  rocks  of  all  four  minette  dykes  are  very  similar  in  mineral  composition  and 
textural  features.  They  have  a  holocrystalline,  fine-  to  medium-grained,  poikilitic  texture.  The 
essential  minerals  that  compose  the  rock  are  microcline  (which  contains  numerous  inclusions  of 
biotite,  apatite  and  carbonate),  apatite,  carbonate  and  epidote.  Accessory  minerals  in  the  dyke  rocks 
are  represented  by  sphene,  zircon  and  ore  minerals.  The  metamorphosed  character  of  the  rock  is 
further  evidenced  by  ocellar  textural  elements  that  occur  in  several  segments  of  the  dykes.  Grain 
morphology  observations  suggest  that  apatite  may  be  the  only  primary  (relict)  mineral  of  the 
minette.  Dyke  rocks  contain  xenoliths  of  various  altered  rock  types.  The  xenoliths  are  large  (up  to 
0.5  m)  and  rounded,  which  suggests  that  active  crusting,  melting  and,  possibly  explosive  processes 
might  have  been  involved  in  the  dyke  formation. 

Geochemistry .  Geochemically,  rocks  of  the  four  dykes  form  a  unique  group,  distinct  from 
kimberlites,  lamproites  and  high-K  basaltic  rocks.  They  are  rather  similar,  though  not  identical,  to 
intermediate  minette.  There  might  be  some  correlation  with  CIF  lamprophyres  (Figure  1). 
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Geochemical  similarity  of  the  metasomatic  inclusion  and  its  enclosing  minette  suggests  that  the 
minette  itself  has  also  experienced  metasomatic  alteration.  Dyke  rocks  exhibit  low  SiC>2  content 
(40.31  -  45.55%).  A1  and  Mg  contents  of  dyke  rocks  are  similar  to  those  of  mafic  rocks.  Fe  and  Ti 
contents  are  low  to  intermediate.  Concentrations  of  compatible  elements  typical  for  ultramafic 
rocks  (Ni,  Co,  Cr)  are  very  low.  Dyke  rocks  compositions  are  ultra-potassic  (K20/Na20  =  4  to  50). 
Concentrations  of  incompatible  elements  in  dyke  rocks  are  very  high,  and  their  distribution  is  rather 
peculiar.  Minette  has  very  high  concentrations  of  Zr  (from  200  to  1400  ppm),  Hf,  P,  Eu;  and  very 
low  concentrations  of  Ti,  Nb  (from  5  to  19  ppm)  and  Ta  (from  0.5  to  2.8  ppm).  K,  Rb,  Sr  and  Ba 
concentrations  are  rather  high. 

Nd  and  Sr  isotope  composition  of  minettes  is  the  same  as  in  CIF  lamprophyres  (Figure  2). 

High-pressure  minerals.  Olivine,  clinopyroxene,  pyrope,  picroilmenite  and  diamond  have  been 
found  in  the  minettes. 

Olivine  occurs  in  small  fragments.  It  is  almost  colourless  with  a  slight  yellowish  tint.  This  olivine 
is  classed  as  a  highly  magnesian  variety  (Fo  94),  which  is  typical  for  kimberlites  and  lamproites. 

Grains  of  emerald-green  chrome  diopside  were  found  as  fragments  of  oval  grains.  Grain  faces  are 
jointy,  nontransparent  and  feature  sugary  spallation  surfaces.  By  its  composition,  this  mineral  is 
classed  as  typical  chrome-diopside,  high  in  chromium  (2.81%  Cr203)  and  highly-calcic  (47% 
CaO).  Its  peculiar  feature  is  a  rather  low  alumina  content  (0.33%  AI2O3). 

Pyrope  grains  are  pale  violet  and  orange  angular  grain  fragments  with  preserved  relics  of  primary 
magmatic  surface.  The  surface  is  micropectinal-undulated.  Compositionally,  all  pyrope  grains 
found  here  are  classed  with  lherzolitic  paragenesis,  with  Cr203  contents  varying  between  1.48% 
and  6.12%.  All  violet  pyrope  varieties  show  low  Ti  contents  (<  0.13%  Ti02),  while  the  orange 
ones  are  rich  in  titanium  (0.39-1.04%  Ti02).  In  terms  of  Dawson- Stephens’  classification,  they  fall 
within  the  G9  (chromic  pyrope)  and  G1  (titanic  pyrope)  groups  correspondingly. 

Picroilmenite.  A  few  ilmenite  grains  were  found  in  minette.  They  are  classed  by  their 
compositional  specificity  as  a  highly  magnesian  picroilmenite  variety  (>12%  MgO),  with  moderate 
AI2O3  content  and  habitual  Cr203  admixture  (0.77-1.14%)  which  are  typical  for  kimberlites. 

Diamonds  were  found  in  three  minette  samples.  Grain  size  varies  from  0.08  to  0.5  mm,  with  a 
maximum  at  0.25  mm.  Diamond  grains  occur  as  whole  crystals  and  crystal  fragments. 
Morphologically,  the  diamonds  are  rounded  dodecahedroids,  tetrahaxedroids,  cubes  and,  more 
rarely,  flat-faced  octahedra  and  spinel  twins.  All  the  crystals  are  coloured.  Predominantly,  they  are 
dirty-green  and  brown,  but  green  and  yellow  crystals  were  also  found.  Carbon  isotope  composition 
of  diamonds  is  variable  (d13C  =  -3.3  to  -16.4%o)  with  a  mode  at  9-10%o. 

Conclusions.  Four  diamondiferous  minette  dikes  (the  North  Dyke,  Thirsty  Lake  Dyke,  South  Dyke 
and  V-Day  Dyke)  are  identical  in  geological  structure  and  material  composition.  The  dyke  rocks  are 
metamorphosed  and  have  undergone  metasomatism,  but  they  have  retained  indications  of  their 
mantle  origin.  They  represent  a  new  type  of  diamondiferous  rocks  formed  from  a  metasomatized 
lithosphere  mantle. 
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Figure  1 .  Normalized  (after  Jagoutz  et  al.,  1979)  abundance  pattern  diagrams  for  minette  dykes 
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Diamondiferous  placer  deposits  were  discovered  in  the  Guaniamo  area  in  1968,  and  since  then 
approximately  20-25  million  carats  have  been  produced  from  this  area.  Stones  up  to  40  and  60 
carats  in  weight  have  been  reported  here.  Recently  diamondiferous  kimberlite  sills  were  discovered 
in  the  Quebrada  Grande,  Guaniamo  River  right  tributary  valley  which  are  the  primary  sources  of  the 
diamonds.  We  have  studied  over  4,000  diamonds  from  both,  kimberlites  and  placer  deposits. 

Morphology.  Diamonds  from  the  Guaniamo  area  include  dodecahedroids,  octahedra,  octahedron  + 
dodecahedroid  (O-D)  combination-type  crystals  and  their  twins  and  aggregates.  In  all  sills  and 
placer  deposits,  dodecahedroids  are  predominant,  accounting  for  about  45-50%  of  the  respective 
samples.  Combination-type  O-D  crystals  are  also  present  in  rather  high  proportions,  sometimes  up 
to  23%  of  the  samples.  All  dodecahedral  diamond  crystals  are  rounded  dodecahedroids.  Eight 
groups  of  them  were  distinguished  based  on  the  nature  of  the  dominant  crystal  surface. 
Dodecahedroids  with  concentric  striation  are  predominant.  They  compose  60-70%  of  all 
dodecahedrical  diamonds.  Octahedral  diamonds  are  subdivided  into  the  following  three  groups:  (1) 
Octahedra  with  stepwise  lamellar  development  of  trigonal  faces,  (2)  Octahedra  with  clearly 
concentric  development  of  crystal  faces  and  (3)  Octahedra  with  bitrigonal  faces.  Diamonds  of  the 
last  type  are  commonly  predominant.  Single  cubic-habit  crystals  were  found.  They  are  represented 
by  tetrahexaedroids  and  combination-type  crystals.  There  are  many  varieties  of  twinned  and 
aggregated  diamonds.  Their  proportion  in  the  larger  diamonds  increases.  Macles,  or  octahedral 
spinel-type  twins  are  most  common.  Only  a  small  number  of  diamonds  from  the  Quebrada  Grande 
placer  show  post-magmatic  mechanical  erosion  features  and,  may  therefore  have  been  transported 
over  some  distance. 

By  color ,  colorless  diamonds  are  predominant:  they  comprise  40-50%  of  all  diamonds,  but  in  some 
placers  form  up  to  70%  of  stones.  Smoky-brown,  grey  and  green  stones  account  for  10-20%  each  of 
all  stones.  60-80%  of  diamonds  have  pigmentation  spots.  These  are  typically  isolated  spots  that  do 
not  affect  the  overall  coloration  of  the  crystal.  Rarely,  these  spots  occur  in  clusters.  In  the 
overwhelming  majority  of  cases,  the  spots  are  bright  green.  However,  several  diamonds  showing 
brown  pigmentation  spots  were  found  in  the  Quebrada  Grande  placer  collection. 

All  the  sills  studied  have  a  marked  predominance  of  diamonds  showing  blue  photoluminescence 
(PL)  and  a  rather  high  proportion  of  crystals  exhibiting  no  visible  luminescence.  In  general,  PL 
characteristics  of  diamonds  from  the  Guaniamo  sills  are  identical  to  those  of  diamonds  from  the 
Guaniamo  placer  deposits.  55.8%  and  57.6%,  respectively,  of  the  diamonds  in  these  two  groups, 
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have  blue  luminescence.  The  diamonds  from  the  sills  and  placers  also  show  similar  abundances  of 
stones  with  yellow-green  and  pale  pink  luminescence,  of  diamonds  with  uncertain  PL  color  and,  of 
diamonds  with  no  visible  luminescence.  Diamonds  from  these  two  sources  which  exhibit 
inhomogeneous  luminescence  show  only  very  small  differences.  Hence,  diamonds  from  the  sills 
and  the  placers  are  essentially  identical  in  their  luminescence  characteristics,  and  the  sills  are 
therefore  interpreted  as  representing  the  major  source  of  Guaniamo  placer  diamonds. 

Diamond  IR  spectra  from  the  sills  and  placers  are  rather  similar.  They  all  show  bands  representing 
IaA,  IaB  and  P  (platelets)  nitrogen  impurities  and  do  not  show  resolvable  concentration  of  single 
nitrogen  atom  impurities  of  type  lb.  Type  II  diamonds  were  not  found  in  the  samples  studied.  All 
Guaniamo  diamonds  studied  belong  to  the  transitional  IaAB  type.  More  than  half  the  grains  show 
significant  amounts  of  hydrogen  structural  impurities,  while  the  remainder  appear  to  contain 
moderate  amounts.  The  majority  of  diamonds  show  a  predominance  of  IaB-type  nitrogen  impurities 
compared  to  IaA  impurities,  though  in  a  few  crystals,  IaA  nitrogen  impurities  are  more  abundant 
than  IaB  impurities.  As  much  as  20%  of  all  diamonds  studied  contain  relatively  low  (5  x  1019 
atoms/cm3)  concentrations  of  all  three  types  (IaA,  IaB  and  B)  of  nitrogen  impurities. 
Concentrations  of  IaA  nitrogen  impurities  and  hydrogen  impurities  are  not  very  high.  Their  range  in 
concentration  are  0.6-17.3  x  1019  atoms/cm3  and  0.3-3. 5  cm*1,  respectively.  IaB  nitrogen  impurities 
are  typically  more  abundant  than  IaA  impurities,  with  concentrations  ranging  from  1  to  4  x  1019 
atoms/cm3.  Concentrations  of  B  nitrogen  impurities  range  from  0.4  to  10.8  x  IQ19  atoms/cm3, 
commonly  approaching  IaA  impurity  concentrations.  The  predominance  of  IaB  and  P  nitrogen 
impurities  over  IaA  impurities  in  the  diamonds  studied  suggests  that  Guaniamo  area  diamonds  are 
characterized  by  higher  temperatures  of  formation  than  diamonds  from  Siberian  pipes. 

The  total  range  of  variation  in  carbon  isotopic  compositions  of  Guaniamo  diamonds  analyzed  is 

from  5^C  =  -3.2%o  to  -28.7  %o.  The  majority  of  diamonds  are  isotopically  light,  i.e.,  show  513C 
<  -10%o  (from  -10.1  to  -28.7  %o  for  95%  of  diamonds). 

Guaniamo  district  diamonds  contain  both  eclogitic-  and  ultramafic-suite  mineral  inclusions. 
Diamonds  containing  eclogitic-suite  inclusions  are  predominant.  For  example,  only  1 0%  of  garnets 
belong  to  the  ultramafic  association.  The  finer  the  diamond  size,  the  greater  is  the  proportion  of 
eclogite-type  inclusions. 

Eclogitic  (E-type)  garnet  of  the  pyrope-almandine  series  have  rather  high  CaO  content  in  most  of 
the  garnets  (up  to  10-13%)  and  do  not  have  high  Na20  content  (0-0.26%).  Omphacite 
clinopyroxene,  like  orange  garnet,  occurs  relatively  commonly  as  inclusions  in  the  diamonds 
studied.  In  some  cases,  composite  pyroxene  and  garnet  inclusions  are  observed.  Na20  content 
varies  from  3.63%  to  7.46  wt.  %,  which  correspond  to  25  to  51  mol.  %  jadeite  component.  A1203 
content  varies  from  7.21  to  13.53  wt.  %,  and  positively  correlated  with  Na20.  In  addition, 
pyroxenes  included  in  diamonds  from  the  Guaniamo  area  exhibit  rather  high  concentrations  of 
Na20.  Diamonds  that  contain  orange  garnet  and  omphacite  inclusions  also  commonly  enclose 
colorless  mineral  inclusions  which  considering  the  E-type  paragenesis  of  these  diamonds,  are 
probably  formed  by  coesite.  The  rutile  inclusions  have  compositions  which  are  typical  of  E-type 
rutile  inclusions  in  diamonds.  Ilmenite  inclusions  were  found  in  two  diamonds.  Ilmenite  in 
diamonds  from  other  diamondiferous  areas  worldwide  are  commonly  very  rich  in  both  MgO  and 
Cr203.  A  notable  feature  of  the  ilmenite  inclusions  from  the  Guaniamo  area  studied  here  is  their 
rather  low  MgO  content,  from  0.91  to  1.04  wt.  %.  Mg-poor  ilmenite  inclusions  were  previously 
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found  in  only  two  other  diamonds,  from  Brazil  by  Meyer  and  Svisero  [1975].  The  ilmenites  studied 
are  also  notably  characterized  by  high  MnO  content  (about  1%).  Sulphides  were  also  found 
included  in  some  Guaniamo  area  diamonds.  Based  on  their  compositions,  in  particular  their  low  Ni 
content,  they  are  interpreted  to  be  eclogitic. 

Ultramafic  (UM-type)  inclusions  include  Cr-gamet,  chrome  spinel  and  olivine.  Olivine  inclusions  in 
diamonds  from  the  Guaniamo  area  have  93-94.5%  forsterite  contents  and  contain  insignificant 
amounts  of  Cr203  (0.04-0.08  wt.  %),  CaO  (0.01  wt.  %)  and  NiO  (0.33-0.39  wt.  %).  The  chromite 
inclusions  have  Cr203  and  Al203  contents  ranging  from  63.6  to  66  wt.  %  and  6.76  to  7.25  wt.  %, 
respectively,  which  is  typical  for  chromite  inclusions  in  diamonds  from  the  majority  of  diamond 
deposits  worldwide.  All  of  the  pyrope  inclusions  are  high-Cr  knorringite-bearing  garnets  (6.9  to 
13.8  wt.  %  Cr203)  with  low  iron  contents  (13.5-15.0  wt.  %  FeO).  One  of  the  Cr-pyropes  studied 
appears  to  be  Ca-poor,  and  the  other  three  have  rather  high  Ca-contents.  Two  of  them  fall  within 
the  lherzolite  field,  which  is  somewhat  atypical  for  pyrope  inclusions  in  diamonds.  The  other  two 
garnets  fall  within  the  diamond-association  field,  with  one  having  rather  low  Ca  for  this  field.  One 
diamond  contains  a  titano-magnetite  inclusion.  In  another  diamond,  a  single  notable  occurrence  of 
included  magnesio-wustite  was  observed.  It  has  the  following  composition:  0.15  wt.  %  Cr203; 
19.42  wt.  %  FeO;  80.12  wt.  %  MgO. 

Four  diamonds  have  composite  inclusions  of  coexisting  garnet  and  clinopyroxene.  Equilibrium 
temperatures  and  pressures  for  these  mineral  pairs  lies  within  the  range  1 186-1218  °C  temperature 
and  41 .4-61 .5  kb  pressure.  These  results  are  consistent  with  results  of  the  IR  studies  that  Guaniamo 
diamonds  have  higher  pressure-temperature  conditions  of  formation  than  diamonds  from  most  of 
the  other  diamondiferous  areas  worldwide. 

Diamonds  from  different  sills  are  distinct  in  most  of  their  properties.  This  distinctiveness  of 
diamonds  from  each  of  the  sills  can  be  used  as  a  “diamond  fingerprinting”  tool  in  prospecting. 
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Mantle  peridotite  xenoliths  from  Archean  cratons  generally  have  high  molar 
Mg/(Mg+Fe),  or  Mg#.  The  best  known  suites,  from  the  Kaapvaal  and  Siberian  cratons,  have 
high  modal  orthopyroxene  (Opx)  [1-3].  These  high  Opx  harzburgites  are  probably  not 
residues  of  partial  melting  of  proposed  primitive  mantle  source  compositions  [4-6].  Less  well 
known  cratonic  xenolith  suites  from  North  America  and  Greenland  include  high  Mg# 
peridotites  with  much  lower  modal  Opx  [7-9].  Such  low  Opx  compositions  could  be  residual 
from  high  degrees  of  polybaric,  decompression  melting,  ending  in  the  spinel  lherzolite 
stability  field  at  pressures  of  30  to  20  kb  [9].  Our  research  group  has  recently  presented 
additional  evidence  that  suggests  that  the  great  majority  of  both  spinel-  and  garnet-bearing 
xenoliths  are  also  residues  of  polybaric  melting  that  ended  at  pressures  <  30  kb  [6].  Where 
such  rocks  currently  record  equilibration  temperatures  >  30  kb,  this  must  result  from  tectonic 
transport  of  peridotites  to  greater  depth  after  melting.  In  the  kimberlite  conference  paper,  two 
main  issues  will  be  addressed:  (1)  origin  of  Opx-rich  cratonic  mantle  compositions,  and  (2) 
assembly  of  a  thick  continental  tectosphere  via  tectonic  thickening  of  relatively  shallow 
residues  of  partial  melting. 

Orthopyroxene  enrichment 

Proposed  scenarios  for  producing  the  high  Mg#,  high  Opx  compositions  include 
metamorphic  differentiation  of  high  pressure  residues  [1],  mixtures  of  residual  peridotites  and 
high  pressure  igneous  cumulates  from  ultramafic  magmas  [10],  and  addition  of  Si02  to  low 
Opx  peridotites  via  melt/rock  reaction  [4,  6,  11-15].  Our  recent  paper  [6]  focuses  on  a 
positive  correlation  between  Ni  contents  of  olivine  and  modal  proportions  of  Opx  in  mantle 
xenoliths  [15,  16],  and  uses  this  correlation  to  constrain  the  processes  that  produced  high 
Mg#,  high  Opx  cratonic  mantle  compositions.  The  observed  correlation  is  not  produced  by 
partial  melting  or  metamorphic  differentiation.  On  more  qualitative  grounds,  we  suggest  that 
Opx-enrichment  is  not  due  to  the  formation  of  very  high  pressure,  igneous  cumulates.  We 
show  that  the  observed  correlation  between  Ni  in  olivine  and  modal  Opx  certainly  can  be 
produced  by  reaction  between  Si02-rich  liquids  (e.g.,  small  degree  melts  of  subducted 
eclogite)  and  previously  depleted,  low  Opx  peridotites. 

In  agreement  with  previous  investigators  [4,  1 1-14],  we  proposed  a  two  step  process. 

First,  high  Mg#,  low  Opx  peridotites  were  created  by  large  degrees  of  polybaric  melting 
ending  at  pressures  <  30  kb.  Later,  the  depleted  residues  were  enriched  in  Opx  by  interaction 
with  Si02-rich  melts  generated  mainly  by  anatexis  of  eclogitic  metabasalt  and  metasediment 
in  a  subduction  zone.  Magmas  modified  by  such  a  process  could  have  formed  a  major 
component  of  the  continental  crust  [13,  17,  18].  Thus,  this  hypothesis  provides  a  genetic  link 
between  cratonic  upper  mantle  and  continental  crust. 

How  can  this  hypothesis  be  further  constrained  and  tested?  Our  recent  work  [6]  used  a 
somewhat  new,  simple  method  of  calculating  the  results  of  melt/rock  interaction  in  the 
mantle,  which  predicts  not  only  the  modal  proportions  and  Ni  contents  olivine,  Opx,  and 
melt,  but  also  the  resulting  major  element  composition  of  the  melt.  For  example,  predicted 
melt  compositions  after  reaction  between  depleted  harzburgite  and  a  silicic  partial  melt  of 
eclogite  have  53  to  60%  Si02,  depending  on  temperature.  Some  of  these  could  be  metastable 
with  respect  to  an  olivine-undersaturated,  more  silica  rich  melt  composition  and  an  olivine- 
free  solid  assemblage.  Looking  beyond  the  model  results,  the  paper  presented  at  the 
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kimberlite  conference  will  discuss  the  controversial  issue  of  possible  and  impossible  Si02 
contents  in  alkali-  and  volatile-rich,  olivine  +  Opx  saturated  melts  at  10  to  30  kb. 

The  kimberlite  conference  paper  will  also  present  details  of  the  modeling  method,  explore 
further  constraints  that  could  be  added,  and  develope  other  applications  of  the  technique.  In 
particular,  we  will  explore  whether  mafic  melt/peridotite  interaction  can  produce  Opx-rich 
harzburgites  under  some  circumstances,  as  suggested  in  an  earlier  paper  by  our  group  [4], 

Another  possible  test  of  the  proposed  role  of  partial  melts  of  subducted  eclogite  in 
creation  of  Opx-rich,  high  Mg#  cratonic  peridotites,  using  currently  available  data,  is  to 
examine  trace  element  contents  of  xenoliths.  This  is  fraught  with  peril,  because  it  is  evident 
in  many  cases  that  open  system  processes  have  modified  the  trace  element  budget  of  cratonic 
peridotites  with  little  or  no  effect  on  the  major  elements.  However,  we  can  make  the 
prediction  that  -  if  eclogite  melts  have  been  involved  in  Opx-enrichment,  then  no  Opx-rich, 
high  Mg#  harzburgites  should  be  light  rare  earth  depleted.  This  prediction  is  based  on  the 
following  reasoning:  light  rare  earth  depletion  in  mantle  peridotites  results  mainly  from  melt 
extraction  processes.  We  believe  that  melt  extraction  has  not  formed  Opx-rich  harzburgites. 
Prior  to  Opx-enrichment  residues  are  Opx-poor  and  light  rare  earth  depleted.  Anatexis  of 
eclogitic  metabasalts  or  metasediments  produces  light  rare  earth  enriched,  silicic  liquids.  If 
these  silicic  melts  react  with  mantle  peridotite,  the  solid  product  will  be  light  rare  earth 
enriched.  Initially,  reaction  between  eclogite  melts  and  peridotite  will  also  produce  Opx- 
enriched  solid  products.  After  eclogite  melts  become  saturated  with  mantle  olivine,  the  Opx- 
enrichment  will  generally  cease,  but  the  modified  melts  will  retain  a  light  rare  earth  element 
enriched  character,  and  this  can  be  passed  on  via  cryptic  metasomatism  to  additional  mantle 
peridotites.  Thus  we  expect  to  find  Opx-poor  harzburgites  with  rare  earth  element  patterns 
ranging  from  light  rare  earth  depleted  to  light  rare  earth  enriched,  but  Opx-rich  harzburgites 
should  invariably  be  light  rare  earth  enriched. 

A  survey  of  mantle  peridotite  xenoliths  worldwide,  using  the  database  of  McDonough  & 
Frey  [19]  shows  that  this  prediction  is  roughly  correct.  However,  trace  element  data  are 
scarce  for  cratonic  peridotites  with  Mg#’s  greater  than  91 .  We  are  making  an  ion  probe  study 
of  a  variety  of  cratonic  mantle  xenolith  suites  in  an  effort  to  improve  the  database  for  such 
rocks.  We  are  focusing  on  analyses  of  orthopyroxene  cores,  because  these  seem  least  affected 
by  late  metasomatic  events,  including  interaction  with  host  magma  during  xenolith  transport. 
Preliminary  data  show  that  Opx-poor  xenoliths  from  Greenland  have  strongly  light  rare  earth 
depleted  orthopyroxene,  whereas  orthopyroxene  cores  in  Opx-rich  xenoliths  from  the  Premier 
kimberlite  in  the  Kaapvaal  craton  are  flat  to  light  rare  earth  enriched.  Thus,  no  samples 
analyzed  to  date  are  both  Opx-rich  and  light  rare  earth  depleted.  This  study  is  ongoing,  and 
results  to  date  will  be  presented  at  the  kimberlite  conference. 

In  the  future,  there  are  obvious  avenues  of  investigation  to  address  the  problem  of  Opx- 
enrichment.  For  example,  stable  isotope  measurements  (e.g.,  180/l60, 6Li/7Li)  will  provide 
strong  constraints  on  the  provenance  of  the  melts  or  fluids  responsible  for  Opx-enrichment  in 
cratonic  peridotites. 

Formation  of  a  thick,  high  Mg#  root  from  shallow  residues 

The  hypothesis  that  high  Mg#  cratonic  peridotites  in  general  resulted  from  polybaric 
partial  melting  processes  with  minimum  pressures  of  melting  less  than  30  kb,  if  correct,  has 
many  important  geodynamic  implications.  Currently,  some  high  Mg#  samples  record 
pressures  exceeding  50  kb,  and  so  if  these  were  shallow  residues  they  must  have  been 
tectonically  thickened.  One  question  that  arises  is,  when  did  the  thickening  occur?  Possible 
constraints  bearing  on  this  issue  are  the  proposed  Archean  ages  of  diamond  inclusions  [20, 
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21],  on  the  one  hand,  and  the  proposed  Phanerozoic  ages  of  the  diamonds  themselves  [22, 

23].  It  is  also  relevant  to  consider  the  origin  of  magmas  emplaced  within  cratons.  If  the 
magmas  that  fed,  e.g.,  the  Bushveld  Complex  in  the  Kaapvaal  craton  were  produced  by 
ordinary  polybaric  partial  melting  processes,  then  they  must  have  been  formed  at  mean 
pressures  less  than  50  kb.  Such  decompression  melting  would  be  impossible  where  the 
convecting,  adiabatically  decompressing  mantle  is  overlain  by  a  cold  cratonic  “lid”  extending 
to  depths  greater  than  150  km.  Though  the  nature  of  the  Bushveld  primary  magma  is 
uncertain,  there  is  little  indication  that  it  was  produced  at  mean  pressures  greater  than  50  kb. 
Thus,  the  presence  of  the  Bushveld,  and  similar  intrusions  in  other  cratons,  suggests  that 
cratonic  mantle  roots  composed  of  cold,  high  Mg#  peridotites  had  not  attained  their  current 
thickness  at  2  Ga. 

Jordan  (e.g.,  [24,  25])  has  proposed  that  high  Mg#  continental  upper  mantle  has  been 
isolated  from  the  convecting  mantle  over  geologic  time  because  it  is  neutrally  buoyant  with 
respect  to  the  convecting  mantle.  This  is  so,  he  has  proposed,  because  the  density  increase  in 
cratonic  roots  due  to  conductive  cooling  is  offset  by  the  lower  density  of  high  Mg#  peridotites 
compared  to  the  convecting  mantle  with  an  Mg#  of  ca.  87  to  89.  We  believe  this  to  be 
qualitatively  correct,  but  in  our  collaboration  with  Joe  Boyd  and  other  xenolith  experts,  we 
have  noticed  that  cratonic  mantle  Mg#Os  are  higher  than  required  for  neutral  buoyancy  along 
a  conductive,  continental  geotherm  [Boyd,  this  volume].  Thus,  the  available  evidence 
suggests  that  cratonic  mantle  peridotites  are  generally  positively  buoyant  with  respect  to  the 
convecting  mantle.  Such  a  situation  might  originate  if  density  sorting  of  residual  peridotites 
occurred  at  shallow  depths,  e.g.  in  the  thermal  boundary  layer  of  an  oceanic  plate  with  a 
thickness  of  70  to  125  km.  Under  these  circumstances,  only  the  most  depleted,  shallowest 
residues  would  be  retained  in  the  plate.  After  tectonic  thickening,  these  would  form  a  cold, 
positively  buoyant  root  extending  to  great  depths. 

Preservation  of  shallow  residues  would  also  be  enhanced  by  their  high  viscosity.  Hirth  & 
Kohlstedt  [26]  summarized  data  on  the  pressure  dependence  of  the  olivine/liquid  distribution 
coefficient  for  H,  and  used  these  data  to  show  that  H  would  be  dramatically  depleted  in  the 
residues  of  partial  melting  at  pressures  less  than  30  kb.  This  in  turn  results  in  a  viscosity 
increase  of  one  to  two  orders  of  magnitude  in  the  “dry”  residue  compared  to  the 
asthenospheric  peridotite  compositions  at  the  same  temperature  with  their  original  H 
concentration.  At  higher  pressure,  higher  olivine/liquid  distribution  coefficients  for  H  dictate 
that  residues  will  not  suffer  substantial  H  depletion  during  partial  melting,  and  thus  these 
residues  will  retain  a  low  viscosity,  not  much  higher  than  the  source  composition  at  the  same 
temperature. 

A  caveat  to  this  discussion  of  viscosity  is  the  question  of  reintroduction  of  H  into  the 
cratonic  mantle  during  metasomatic  processes,  particularly  above  subduction  zones.  The 
presence  of  hydrous  phases  in  many  xenoliths  might  suggest  that  this  process  has  been 
important,  but  it  is  uncertain  whether  the  H  content  of  such  xenoliths  is  truly  representative  of 
the  cratonic  mantle  at  large.  A  recent  paper  by  Rudnick  et  al.  [27]  argues  that  the  K  contents 
of  Kaapvaal  mantle  xenoliths  are  too  high  to  account  for  low  continental  heat  flow,  and 
therefore  that  the  K  contents  of  the  xenoliths  reflect  local  metasomatism  rather  than  the 
composition  of  the  entire  cratonic  mantle.  If  so,  this  is  probably  true  of  H  as  well.  There  is 
little  information  on  the  H  content  of  nominally  “anhydrous”  cratonic  mantle  xenoliths,  but 
such  data  will  be  valuable  in  addressing  this  question. 
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Introduction 

The  Obnazhennaya  kimberlite  erupted  near  the  edge  of  the  Siberian  platform  and  is  diamond- 
free;  are  these  two  facts  related?  By  studying  eclogite  and  peridotite  xenoliths  from  the 
Obnazhennaya  kimberlite,  we  hope  to  determine  why  the  mantle  conditions  beneath  the 
northeastern  edge  of  the  Siberian  platform  are  not  conducive  to  diamond  growth,  or  that  diamonds 
could  exist  in  the  mantle  beneath  Obnazhennaya,  but  were  destroyed  enroute  to  the  surface. 

Petrography 

Eclogites  from  Obnazhennaya  are  composed  of  dark-to-bright  green  clinopyroxene  up  to  3  cm, 
pale  orangish-pink  garnet  up  to  1.2  cm,  and  trace  amounts  of  orthopyroxene  less  than  3  mm.  The 
xenoliths  are  highly  fractured,  with  moderate  secondary  alteration  occurring  along  these  fractures. 
Typical  secondary  minerals  include  serpentine,  chlorite,  and  carbonate.  Thin  kelyphytic  rims  are 
found  on  many  of  the  garnets.  The  garnets  also  show  evidence  of  serpentization  and 
amphibolization  along  internal  fractures.  Kimberlite  penetrates  fractures  in  most  of  the  samples  to 
various  degrees.  Orthopyroxene  exsolution  in  the  clinopyroxene,  and  rutile  exsolution  in  the  garnet, 
also  occur.  Trace  amounts  of  sulfide  occur  in  some  of  the  samples. 


Figure  1.  MgO  vs.  Na20  in  clinopyroxene.  Cores  of  clinopyroxenes  from  the  Obnazhennaya  eclogites  plot  within  the 
field  for  Group  B  eclogites,  while  some  rims  plot  within  the  Group  A  field.  As  expected,  clinopyroxene  from  the 
Obnazhennaya  peridotites  plot  entirely  within  the  Group  A  field.  Group  boundaries  are  from  Taylor  and  Neal  (1989). 
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Petrology 

Clinopyroxenes  in  the  eclogites  are  diopsidic  to  augitic  and  have  core-to-rim  compositional 
variations  that  include  decreasing  A1203,  FeO,  and  Na^,  and  increasing  MgO  and  CaO.  These 
variations  are  such  that  the  core  compositions  of  many  of  the  clinopyroxenes  plot  within  the  field 
for  Group  B  eclogites  worldwide  (Taylor  and  Neal,  1989;  Figure  1),  whereas  rim  compositions  of 
many  of  those  same  clinopyroxenes  extend  into  the  Group  A  eclogite  field.  The  same  general  trend 
in  clinopyroxene  compositions  is  also  observed  in  the  garnets,  although  garnet  compositions  cover  a 
narrower  range.  The  garnets  are  pyropic  and  fall  within  the  Iherzolite  trend  on  a  plot  of  Cr203  vs. 
CaO  (Figure  2). 

The  peridotite  xenoliths  include  Iherzolite,  spinel  Iherzolite,  garnet  websterite,  and  garnet 
peridotite.  Preliminary  indications  are  that  the  clinopyroxene  is  mainly  diopsidic  with  core-to-rim 
decreases  in  A1203,  MgO,  FeO,  and  Na^,  and  increases  in  CaO  concentrations.  Garnet  is  pyropic 
and  has  core  to  rim  variations  that  include  increasing  A1203  and  MgO,  and  decreasing  Cr203,  CaO, 
and  FeO.  Orthopyroxene  is  bronzite  with  slight  increases  in  FeO  and  A1203  from  core  to  rim. 
Olivine  is  homogeneous  at  approximately  Fo92. 

Discussion 

Garnets  and  clinopyroxenes  in  eclogites  from  kimberlites  throughout  the  world  have  low  Cr203 
contents  (Figures  2  and  3).  Garnets  and  clinopyroxenes  from  Obnazhennaya  eclogites,  however, 
have  wide  ranges  of  Cr203  contents  (up  to  4.1  wt.%  in  garnet  and  0.8  wt.%  in  clinopyroxene)  and 
some  of  the  garnets  fall  along  a  trend  defined  by  lherzolites  in  Cr203  vs.  CaO  space  (Figure  2).  This 
may  indicate  that  Obnazhennaya  eclogites  interacted  with  peridotite  or  kimberlite.  Such  interaction 
may  have  provided  opportunities  for  minerals  to  re-equilibrate,  and  even  for  high-pressure  phases 
such  as  diamond  to  dissolve  completely.  Preliminary  geothermometry  and  geobarometry 
calculations  (Ellis  and  Green,  1979;  Finnerty  and  Boyd,  1987)  place  the  peridotites  at  conditions 
just  shallower  than  depths  where  diamonds  are  stable  (1145-1280  °C  and  24-37  kb),  and  the 
eclogites  even  shallower  (1135-1170  °C  and  20-32  kb). 


Wt%  Cr203 


Figure  2.  Cr203  vs.  CaO  in  garnet.  Garnets  from  eclogites  worldwide  are  mostly  low  in  Cr203,  but  garnets  from 
Obnazhennaya  eclogites  follow  the  Iherzolite  trend  towards  high  Cr203.  Garnets  from  Obnazhennaya  peridotites  also 
follow  the  Iherzolite  trend  of  Sobolev  et  al.  (1973).  Data  for  eclogite  field  from  numerous  sources. 
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Garnet  compositions,  as  well  as  clinopyroxene  rim  compositions,  of  eclogites  from 
Obnazhennaya  are  similar  to  Group  A  eclogites  (Coleman  et  al.,  1965).  This  fits  with  the  fact  that 
Obnazhennaya  eclogites,  like  most  Group  A  eclogites,  are  diamond-free.  Clinopyroxene  rim 
compositions  approach  clinopyroxene  compositions  found  in  Obnazhennaya  peridotites.  However, 
core  compositions  of  clinopyroxenes  in  Obnazhennaya  eclogites  are  similar  to  Group  B  eclogites 
from  other  kimberlites  in  Siberia,  including  diamondiferous  kimberlites.  These  variations  in  the 
mineral  chemistry  of  the  Obnazhennaya  xenoliths,  combined  with  complexities  in  the  Sr-Nd 
isotopic  systematics  of  Obnazhennaya  eclogites  (Snyder  et  al.,  this  volume)  suggest  that  the 
Obnazhennaya  xenoliths  had  complex  histories,  perhaps  including  partial  equilibration  with 
peridotite  or  even  kimberlite.  Such  complex  histories  could  be  fatal  to  diamonds. 


Figure  3.  Na20  vs.  Cr203  in  clinopyroxene.  Clinopyroxenes  from  eclogites  worldwide  are  mostly  low  in  Cr203,  but 
clinopyroxenes  from  Obnazhennaya  eclogites  extend  towards  high  Cr203,  similar  to  peridotites.  Clinopyroxenes  from 
Obnazhennaya  peridotites  plot  at  the  high-Cr203  end  of  the  peridotite  field.  Data  for  eclogite  and  peridotite  fields  from 
numerous  sources. 
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Introduction 

The  environment  in  which  diamonds  form  is  preserved  in  diamondiferous  xenoliths,  but  this 
environment  has  never  been  fully  examined  in  three  dimensions.  We  are  conducting  a  detailed 
analysis  of  a  diamond  assemblage  in  situ  in  an  eclogite  xenolith  to  establish  the  timing  and 
conditions  of  diamond  crystallization.  This  addresses  one  of  the  fundamental  questions  of  diamond 
genesis:  Did  these  diamonds  crystallize  at  the  same  time  as  their  host  rock  (i.e.,  are  they  igneous), 
or  are  they  associated  with  a  later  metasomatic  fluid  event  (i.e.,  metamorphic)?  Our  approach  is  a 
complete  characterization  of  the  3-D  texture  of  a  4x5x6  cm  eclogite  xenolith  from  the  Udachnaya 
kimberlite  (Yakutia)  using  high-resolution  X-ray  computed  tomography  (HRXCT;  Denison  et  al., 
1997;  Rowe  et  al.,  1997),  followed  by  dissection  of  the  xenolith  and  detailed  examination  and 
chemical  analyses  of  the  diamonds,  their  inclusions,  and  the  associated  eclogite  host  minerals. 
Tomography  &  3-D  Petrography 

The  entire  volume  of  eclogite  xenolith  U51-3  was  scanned  in  a  series  of  79  X-ray  slices  (Figure 
1)  at  a  slice  thickness  of  0.5  mm,  using  a  micro  focal  X-ray  source  operating  at  100  kV  and  0.4  mA. 


Figure  1.  A  tomographic  "slice"  through  the  diamondiferous  eclogite  shows  diamonds  (dark  gray  to  black  shapes  near 
the  center  and  top  edge  of  the  image),  sulfides  (small  white  spots),  and  garnets  (light  gray  shapes)  in  a  matrix  of 
clinopyroxene  (medium  gray)  with  a  linear  alteration  fabric  (seen  as  slightly  darker  gray  lines).  The  entire  volume  of 
the  sample  was  scanned  in  a  series  of  79  of  these  X-ray  slices.  Darkness  in  this  grayscale  image  inversely  corresponds 
with  a  combination  of  density  and  mean  atomic  number.  The  diamonds  are  easily  distinguished  from  the  other 
minerals  using  this  technique,  whereas  previous  XCT  experiments  on  a  diamondiferous  rock  (Schulze  et  al.,  1996) 
resolved  diamonds  only  where  they  were  surrounded  by  a  high-density  mineral  (barite). 
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This  provided  optimum  contrast  between  the  minerals  present,  and  in-plane  resolution  of 
approximately  0.25  mm.  Beam-hardening  artifacts  were  minimized  by  embedding  the  sample  in 
powdered  garnet,  and  correcting  for  absorption  measured  in  a  scan  through  the  powder  alone.  The 
HRXCT  clearly  resolved  the  diamonds  in  this  sample  and  the  textural  details  of  their  surrounding 
mineral  assemblages.  Stacking  the  79  HRXCT  slices  into  a  three-dimensional  digital  model  of  the 
xenolith  allows  us  to  view  spatial  relationships  between  the  diamonds,  textural  relationships 
between  the  diamonds  and  the  eclogite,  and  calculate  volume  percentages  of  minerals. 

The  sample  is  0.5%  macro-diamonds  by  volume,  or  approximately  25,000  carats/tonne.  Eleven 
diamonds  with  maximum  dimensions  of  up  to  4  mm  are  visible  on  the  exterior  of  the  sample,  and 
HRXCT  revealed  an  additional  19  diamonds  in  the  interior.  Ten  of  the  30  diamonds  abut 
kelyphytic  rims  of  garnets,  but  the  diamonds  are  never  enclosed  within  a  garnet  or  clinopyroxene 
crystal,  consistent  with  the  interpretation  that  the  diamonds  postdate  the  silicate  minerals.  Most  of 
the  diamonds  are  associated  with  the  prominent  fabric  of  alteration  veins  (visible  in  hand-sample 
and  in  the  HRXCT  data),  which  is  also  consistent  with  a  secondary  origin  for  the  diamonds.  An 
alternative  explanation  is  that  the  rock  was  preferentially  altered  around  the  diamonds.  This  may  be 
possible  because  of  the  large  difference  in  compressibility  between  diamonds  and  silicate  minerals. 
Differential  expansion  could  have  localized  stress  at  the  diamonds,  causing  the  rock  to 
preferentially  fracture  and  more  easily  alter  around  the  diamonds. 

The  remainder  of  the  xenolith  consists  of  31%  red-orange  garnets  (G^PyssA^)  up  to  1  cm  in 
diameter  and  1%  Fe-Ni  sulfides  up  to  3  mm  in  diameter,  all  dispersed  in  a  variably  altered  matrix  of 
dark  green  (where  unaltered)  clinopyroxene  (W037E1149FS14;  Na20  -  5.5  wt.%)  that  makes  up  68% 
of  the  sample.  All  of  the  garnets  have  kelyphytic  rims,  but  are  otherwise  fresh.  Clinopyroxene 
occurs  as  inclusions  in  garnet,  and  vice  versa.  Sulfides  occur  as  inclusions  in  garnet  and 
clinopyroxene.  There  are  no  systematic  differences  between  garnets  and  clinopyroxenes  that  abut 
diamonds  and  those  that  do  not. 

Inclusions  in  Diamonds 

Nearly  all  of  the  diamonds  in  this  eclogite  contain  numerous  mineral  inclusions.  Sulfide 
inclusions  are  ubiquitous,  whereas  clinopyroxene  inclusions  are  far  less  abundant,  and  garnets  are 
rare.  Many  inclusions  less  than  20  pm  in  size  also  occur,  but  have  not  been  positively  identified. 

Two  50-100  pm  clinopyroxene  inclusions  from  crack- free  regions  of  two  separate  diamonds 
have  compositions  similar  to  clinopyroxene  in  the  host  xenolith  except  that  the  inclusions  have 
distinctly  lower  Na^  (4.5  wt.%  vs.  5.5  wt.%)  and  higher  K20  (0.2  wt.%  vs.  <0.1  wt.%)  than  the 
host  (Figure  2).  This  same  phenomenon  was  observed  by  Taylor  et  al.  (1996)  in  other  eclogitic 
diamond  inclusions  from  Udachnaya.  Higher  K20  in  the  clinopyroxene  inclusions  is  consistent 
with  crystallization  at  a  higher  pressure  (Harlow  and  Veblen,  1991)  and  suggests  that  the 
clinopyroxenes  in  the  host  were  partially  melted  or  re-equilibrated  at  a  lower  pressure  after  the 
diamonds  formed. 

Conclusion 

Apart  from  minor  re-equilibration  at  lower  pressure,  clinopyroxene  in  this  eclogite  xenolith  has 
changed  little  since  the  time  that  the  diamonds  crystallized.  We  take  this  as  evidence  that  this 
xenolith  is  a  well-preserved  sample  of  the  environment  in  which  eclogitic  diamonds  form.  That 
every  single  one  of  the  30  diamonds  in  this  xenolith  is  associated  with  alteration  is  compelling 
evidence  for  the  interpretation  that  the  diamonds  crystallized  during  a  metasomatic  event. 
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MgO  (wt.%) 

Figure  2.  Clinopyroxene  inclusions  in  diamonds  from  eclogite  U51-3  have  lower  Na20  contents  and  lower  to  slightly 
higher  MgO  contents  than  clinopyroxenes  in  the  eclogite  host.  Both  the  host  and  the  inclusions  plot  within  the  field  for 
Group  B  eclogites,  which  is  consistent  with  data  for  the  majority  of  Udachnaya  (field  from  Sobolev  et  al.,  1994). 
Group  boundaries  are  from  Taylor  and  Neal  (1989). 
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Implications  for  Evolution  of  Mantle  Lithosphere  beneath  Southern  Patagonia 

Kempton,  P.D.1,  Hawkesworth,  C.J.2,  Lopez-Escobar,  L.\  and  Ware,  A.J.2 

1.  NERC  Isotope  Geosciences  Laboratory,  Kingsley  Dunham  Centre,  Key  worth,  UK,  NG12  5GG 

2.  The  Open  University,  Milton  Keynes,  UK,  MK7  6AA 

3.  Instituto  GEA,  Universidad  de  Concepcion,  Casilla  4107,  Concepcion  3,  Chile 

Introduction 

The  Pali  Aike  volcanic  field  is  the  southernmost  outcrop  of  mantle-xenolith-bearing,  Plio- 
Quatemary  alkali-basalts  that  occur  east  of  the  Andes  from  northern  Argentina  to  southern 
Patagonia.  It  covers  an  area  of  approximately  150  km2,  straddling  the  Chile-Argentina  border  at  the 
southernmost  tip  of  South  America,  and  is  situated  on  a  Phanerozoic  accretionary  terrain  that  is 
presently  an  area  of  back-arc  magmatism.  The  xenoliths,  thus,  provide  important  information  about 
the  nature  of  the  sub- Andean  lithospheric  mantle.  Pali  Aike  is  also  the  only  locality  so  far  known  in 
South  America  that  contains  garnet-,  spinel-  and  spinel  ±  garnet  facies  mantle  peridotite  xenoliths  in 
the  same  suite.  Type  I  (Cr  diopside-bearing)  clinopyroxene  (cpx)  depleted  lherzolites  and 
harzburgites  predominate,  whereas  garnet  (gar)  and  spinel  (sp)  +  gar  lherzolites  make  up  less  than 
10%  of  the  recovered  samples.  Type  II  (Al-augite)  nodules  and  composite  xenoliths  are  rare. 

Pressures  and  temperatures  of  equilibration  for  garnet-bearing  peridotites  (calculated  using  Brey  and 
Kohler,  1990)  range  from  12  to  24kb  and  840  to  1090°C,  respectively.  Spinel  lherzolite 
temperatures  (calculated  using  Wood  and  Banno,  1973)  show  a  wider  range  (900-1234°C)  and 
extend  to  significantly  higher  T  than  the  garnet-bearing  peridotites.  However,  Wood  and  Banno 
yields  consistently  higher  temperatures  than  Brey  and  Kohler  for  the  garnet-bearing  samples,  with 
the  discrepancy  greatest  at  lower  pressures  (A=153°C  at  12kb  and  0°C  at  24kb).  Thus,  calculated 
temperatures  for  spinel  lherzolites  are  probably  -100°  too  high.  If  so,  the  temperature  ranges  for  the 
different  peridotite  types  largely  overlap,  suggesting  that  the  spinel,  garnet  and  sp  ±  gar  lherzolites 
occur  over  the  same  depth  range  in  the  mantle. 

Geochemical  Results 

Olivines  from  most  Pali  Aike  xenoliths  are  Mg-rich,  with  high  Mg  numbers  of  Fo  90  to  92.  A1203 
contents  of  Cr  diopsides  from  Pali  Aike  spinel  lherzolites  are  low  and  Cr203  contents  high  when 
compared  with  normal  Type  la  (LREE-depleted)  spinel  lherzolites  worldwide,  but  they  overlap  the 
fields  for  low-Al  harzburgites  and  Type  lb  (LREE-enriched)  spinel  lherzolites  worldwide;  they  also 
overlap  the  field  of  garnet  lherzolites  from  South  Africa  (Fig.  1).  In  contrast,  diopsides  from  Pali 
Aike  gar  ±  sp  lherzolites  have  higher  ALO3  contents  than  Pali  Aike  spinel  lherzolites;  but  lower 
concentrations  than  in  cpx  from  gar  ±  sp  peridotites  from  Mongolia  (Ionov  et  al.,  1993)  and  SE 
China  (Fan  and  Hooper,  1989).  These  data  suggest  that  Pali  Aike  spinel  lherzolites  have  undergone 
a  greater  degree  of  depletion  via  melt  extraction  than  (a)  Pali  Aike  gar  ±  sp  lherzolites,  and  (b)  most 
spinel  lherzolites  world  wide  (Fig.  1).  Similarly,  the  Pali  Aike  gar  ±  sp  lherzolites  appear  to  be 
more  depleted  than  gar  ±  sp  lherzolites  from  Mongolia  and  China,  although  garnet  lherzolites  from 
South  Africa  are  significantly  more  depleted  than  the  sp  ±  gar-bearing  xenolith  localities  from  these 
younger  cratonic  regions. 

In  situ  trace  element  determinations  of  Ba,  Nb,  Zr,  Y,  Sr,  Ti  and  the  REE  were  made  using  the  ion 
microprobe  at  Edinburgh  University.  Garnets  have  typical  LREE-depleted  chondrite-normalized 
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profiles.  Extended  trace  element  plots  show  a  similar 
depletion  of  LILE,  but  variable  depletions  of  Ti;  in 
contrast,  there  are  relative  enrichments  in  Nb  and,  in 
some  cases,  Y  and  Zr.  Clinopyroxene  from  both  gar- 
bearing  and  garnet-free  lherzolites  have  unusual 
concave  downward  REE  patterns,  with  maxima  in  the 
middle  rare  earths,  more  typical  of  cumulate  Type  II 
pyroxenes  than  Type  I  Cr-diopsides.  Zr  shows  very 
small  depletions  in  most  samples,  but  unlike  the  data  of 
Salters  and  Shimizu  (1988),  only  one  sample  shows  a 
significant  Ti  depletion.  Importantly,  there  is  no  clear 
Nb  depletion  relative  to  adjacent  trace  elements  in  the 
diagram.  Amphibole  shows  similar  chondrite- 
normalized  REE  patterns  to  clinpyroxene,  but  extended 
trace  element  plots  are  unusual  in  that  they  have  two 
peaks,  one  at  Nb  and  one  at  Ti,  indicating  that  the 
HFSE  are  enriched  relative  to  REE  in  this  phase.  The 
cpx  data  reflect  equilibration  with  garnet,  even  in  samples  where  garnet  is  not  present,  possibly  via 
interaction  with  migrating  silicate  melts  generated"  in  equilibrium  with  garnet.  However, 
petrographic  evidence  for  metasomatism  of  the  xenoliths  (e.g.  secondary  amphibole,  mica  or 
pyroxene)  is  rare,  which  contrasts  with  the  clearly  metasomatised  mantle  xenoliths  from  Andean 
localities  further  north  (Killian  and  Altherr,  1997).  Nonetheless,  small  enrichments  of  REE  in  cpx 
rims  relative  to  cores  is  indicative  of  fluid-rock  interaction  during  metasomatism. 

HFSE  in  the  Mantle 

Depletion  of  the  HFSE  relative  to  the  REE  is  considered  one  of  the  most  diagnostic  geochemical 
features  of  island  arc  magmas,  yet  the  fact  that  depletions  in  Ti  and  Zr  are  observed  for  a  variety  of 
peridotite  samples  (Salters  and  Shimizu,  1988;  Johnson  et  al.,  1990)  suggest  that  this  is  common  in 
the  shallow  lithospheric  mantle,  even  away  from  the  arc  environment. 

Nevertheless,  cpx  from  most  continental  spinel  lherzolite  xenoliths  and  massifs  cluster  around  the 
chondritic  mantle  Ti/Zr  ratio  of  100  (Fig.  2).  Simple  model  calculations  of  partial  melting  suggest 
that  the  residua  left  after  melting  should  have  higher  Ti/Zr  than  the  original  material.  Consistent 
with  this,  abyssal  peridotites  show  increasing  Ti/Zr  with  decreasing  trace  element  concentration  in 
cpx,  as  does  cpx  from  many  continental  spinel  lherzolites  and  from  deformed  garnet  peridotites. 
This  trend  has  been  modelled  by  Johnson  et  al.  (1990)  by  repeated  melting  and  segregation  of 
<0.1%  melt  increments  (totaling  from  5  to  25%  melting)  of  a  LREE-depleted  source. 

By  contrast,  although  garnets  from  South  African  peridotites  and  sp  ±  gar  lherzolites  from  Pali  Aike 
overlap  this  ratio,  they  extend  to  lower  rather  than  higher  Ti/Zr.  Within  the  array  of  South  African 
samples,  most  deformed  garnet  peridotites  plot  near  the  Ti/Zr  =  100  line,  while  coarse  granular 
peridotites  (cpx  and  garnet)  plot  below  and  to  the  right  (Fig.  2).  Although  Ti/Zr  ratios  for  Pali  Aike 
mineral  phases  range  from  120  to  2,  no  correlation  with  degree  of  depletion  has  been  established. 

It  thus  seems  unlikely  that  the  garnet  lherzolite  compositions  can  be  derived  from  chondritic  mantle 
materials  by  partial  melting  processes  alone.  It  is  also  difficult  to  reconcile  these  data  with  a 
metasomatic  model  involving  silicate  melts  since  this  hypothesis  requires  mixing  a  high  Ti/Zr 
(>100)  residua  with  a  melt  of  anomalously  low  Ti/Zr;  MORB,  OIB,  and  Pali  Aike  alkali  basalts 


Cr203 


Figure  1.  Plot  of  A1203  vs.  Cr203  in  cpx.  Data 
for  China  from  Fan  and  Hooper  (1989); 
Mongolia  from  Ionov  et  al.  (1993). 
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have  average  Ti/Zr  ratios  of  -100,  60,  and 
80,  respectively).  Equilibration  with,  or 
fractionation  of,  ilmentite  may  play  a  role 
in  producing  these  trends  in  the  South 
African  xenoliths  since  they  commonly 
contain  this  phase.  However,  traces  of 
ilmenite  have  only  been  found  in  the  Pali 
Aike  clinopyroxenites  and  wehrlites,  not  in 
the  Iherzolites,  and  these  samples  have  near, 
chondritic  Ti/Zr  ratios  (Fig.  2). 
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Furthermore,  HFSE  distributions  in  cpx  and 
gamet  from  Pali  Aike  xenoliths  are 
inconsistent  with  experimentally  deter¬ 
mined  D-values.  At  equilibrium,  gamet 
should  have  higher  Ti  and  Zr  contents  than 
coexisting  cpx.  Most  South  African 
peridotites  display  this  relationship,  even 
those  with  low  Ti/Zr  ratios,  but  Pali  Aike  cpxs  have  significantly  higher  Ti  contents  than  coexisting 
gamet,  and  generally  higher  Ti/Zr  ratios.  Based  on  experimental  data  involving  silicate  melts,  the 


Figure  2.  Plot  of  Zr  vs.  Ti  comparing  Pali  Aike  peridotite 
minerals  to  abyssal  peridotite  cpx,  continental  sp  lherzolite  cpx 
worldwide  and  garnet  lherzolite  (cpx  and  garnet)  from  South 
Africa.  Open  circles  indicate  unusual  cpx  compositions  from 
Lunar  Crater,  USA  (Roden  and  Shimizu,  1993). 


ratio  of  Zrgar/Zrcpx  should  be  approximately  7  (D^g^O.b-O.V;  DZrcpx=0.1;  Green  et  al.,  1989). 
Many  gamet  Iherzolites  from  South  Africa  plot  near  this  equilibrium  ratio,  although  others  extend 
away  to  lower  Zrgar/Zrcpx.  All  Pali  Aike  samples  have  significantly  lower  Zrgar/Zrcpx  values  than 
expected  at  equilibrium  (Zr gar/  Zrcpx=1.0-0.2).  Even  if  one  invokes  carbonatite  metasomatism 
(DZrgar=0.8-1.4;  DZrcpx=0.29;  Sweeney  et  al.,  1995),  the  ratio  of  Zrgar/Zrcpx  would  still  be  too  high 
(3  -  5).  These  results  suggest  that  HFSE  systematics  in  Pali  Aike  peridotite  phases  are  a  function  of 
mineralogical  disequilibrium.  The  spinel  — >  gamet  — >  spinel  reaction  textures  preserved  in  these 
samples  are  a  visible  testimony  that  chemical  equilibrium  has  not  been  attained,  at  least  in  the  sp  ± 
gar  assemblages.  Thus  unusual  trace  element  signatures  are  preserved  in  some  samples. 
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Introduction 

Small-volume  mafic  alkaline  igneous  rocks  in  India  have  received  little  attention  during  this 
century,  perhaps  being  overshadowed  by  their  diamond-rich  counterparts  in  Australia,  Botswana, 
Russia,  the  Congo  and  South  Africa.  In  recent  years,  there  has  been  renewed  interest  in  India  as  a 
region  for  diamond  exploration,  prompted  by  discoveries  of  diamondiferous  rocks  at  Raipur, 
Madhya  Pradesh,  and  in  the  Mahbubnagar  district,  Andhra  Pradesh.  Less  well  known  is  a  suite  of 
early  Cretaceous  micaceous  kimberlite  (‘orangeite’)-like  rocks  that  crops  out  in  the  Damodar 
Valley,  Bihar-West  Bengal  (Fig.  1).  These  rocks  resemble  South  African  micaceous  kimberlites  in 
mineralogy  and  geochemistry,  and  mafic  alkaline  intrusions  from  Brazil  (the  Alto  Paranafba 
province)  and  Russia  (Archangelsk)  in  Nd-Sr  isotopic  composition  (Kent  et  al.,  1998a,  b).  The 
Damodar  Valley  rocks  are  unusual  also  in  their  mode  of  occurrence,  cropping  out  as  thin  dykes 
and  sub-horizontal  cylindrical  sills  within  coal  seams  (e.g.  Kent  et  al.,  1992).  This  paper  outlines 
the  distribution,  age  and  nomenclature  of  the  Damodar  Valley  mafic  alkaline  rocks. 


Fig.  1.  Map  showing  the  location  of  lamproites  and  kimberlites  in  India  and  their 
relationship  to  Archaean  cratons  (modified  from  Chalapathi  Rao  et  al.,  1996). 
The  Damodar  Valley  alkaline  province  lies  on  the  northern  margin  of  the 
Singhbhum  craton. 


Distribution  and  age 

The  Damodar  Valley  alkaline  province  lies  on  the  northern  margin  of  the  Singhbhum  craton, 
within  a  Proterozoic  mobile  belt  (the  >1.4  Ga  Chotanagpur  plateau;  Fig.  2).  The  number  of 
alkaline  intrusions  is  greatest  (several  hundred)  in  the  eastern  part  of  the  Damodar  Valley, 
notably  in  the  Bokaro,  Jharia  and  Raniganj  basins  (e.g.  Middlemost  et  al.,  1988;  Rock  et  al., 
1992;  Basu  et  al.,  1997).  The  location  of  the  intrusions  appears  to  have  been  controlled  by  the 
east-west-trending  Damodar  Valley  extensional  fault  system,  which  may  be  the  surface 
manifestation  of  a  deep  basement  shear  zone  (Mazumdar,  1988). 


The  Damodar  Valley  alkaline  rocks  have  K-Ar  (biotite  and  whole-rock)  ages  of  113-105  Ma 
(Sarkar  et  al.,  1980).  In  a  recent  study,  Kent  et  al.  (1998a)  obtained  an  40Ar/39Ar  total-fusion 
isochron  age  of  113.5±0.5  Ma  (Is  error)  on  phlogopite  separated  from  a  Damodar  Valley  mafic 
alkaline  rock.  This  age  was  interpreted  as  being  close  to  the  true  crystallisation  age.  Two  other 
phlogopite  separates  gave  40Ar/39Ar  laser  ablation  ages  of  116.6±0.8  Ma  and  109.1±0.7  Ma  (Is 
errors),  respectively;  these  ages  appear  to  reflect  partial  alteration  of  the  phlogopite  grains. 
Coincidentally,  the  age  of  the  Damodar  Valley  samples  is  similar  to  that  of  most  South  African 
micaceous  kimberlites  (Rb-Sr  ages  of  125-110  Ma,  with  several  ‘outliers’  having  ages  of  >130 
Ma;  Skinner,  1989). 


Fig.  2.  Map  of  the  eastern  Damodar  Valley,  Bihar/West  Bengal,  eastern  India,  showing  selected  sample 
localities  in  the  Jharia  and  Raniganj  basins.  Basic  dykes  are  shown  schematically.  Key:  Bh  =  Bhowrah, 
DVFS  =  Damodar  Valley  Fault  System. 


Classification 

The  nomenclature  of  mafic  alkaline  igneous  rocks  is  confusing  to  specialists  and  non¬ 
specialists  alike.  In  attempting  to  classify  the  Damodar  Valley  alkaline  rocks,  Kent  et  al.  (1998a) 
followed  the  mineralogical-genetic  nomenclature  of  Mitchell  (1995,  p.10-14),  using  his 
definition  of  micaceous  kimberlites  (orangeites)  as  “a  clan  of  ultrapotassic  peralkaline  volatile- 
rich  ...  rocks,  characterised  by  the  presence  of  phlogopite  macrocrysts  and  microphenocrysts  ... 
groundmass  micas”  and,  commonly,  rounded  olivine  macrocrysts. 

We  observe  that  the  Damodar  Valley  alkaline  rocks  contain  microphenocrystal  and 
groundmass  phlogopite-tetraferriphlogopite,  microphenocrystal  apatite,  rutile  and  prismatic 
crystals  of  K-triskaidecatitanate  (K2Tii3C>27;  Mitchell,  1995).  Macrocrystal  olivine  (usually 
serpentinised)  and  primary  microphenocrystal  and  groundmass  diopside  or  aegirine  are  present 
in  some  samples.  Damodar  Valley  alkaline  rocks  also  contain  sanidine,  K-richterite,  perovskite, 
monazite,  ilmenite  and  a  varied  assemblage  of  carbonates,  including  one  or  all  of  calcite,  ferroan 
dolomite,  strontianite,  breunnerite  and  strontian  witherite  (cf.  Rock  et  al .,  1992).  Thus,  these 
rocks  conform  to  Mitchell’s  (1995)  mineralogical  definition  of  orangeite.  Evolved  varieties  from 
our  sample  collection,  which  resemble  sanidine  richterite  lamproites  ( sensu  Mitchell  and 
Bergman,  1991;  see  also  Tainton  and  Browning,  1991),  can  be  termed  ‘richterite  sanidine 
orangeites’.  The  latter  suggest  a  mineralogical  convergence  of  differentiated  members  of  the 
orangeite  clan  with  lamproitic  rocks. 

The  only  ‘flies  in  the  ointment’  are  that  our  Damodar  Valley  samples  are  not  usually 
peralkaline  (most  have  molar  (K20+Na20)/Al203<l)  or  perpotassic  (most  have  molar  K20/A1203 
<1).  The  Indian  rocks  also  differ  from  most  South  African  orangeites  in  Nd-Sr  isotopic 
composition  (Fig.  3;  for  data  and  discussion,  see  Kent  et  al .,  1998b).  Our  samples  resemble 
isotopically  the  anomalous  Prieska  orangeites  of  South  Africa,  mafic  alkaline  igneous  rocks  from 
the  Alto  Paranaiba  province,  Brazil,  and  samples  of  ‘micaceous  kimberlite’  and  ‘olivine 
lamproite’  from  Archangelsk,  northeast  Russia. 
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Fig.  3:  Nd-Sr  isotope  diagram  showing  the  compositions  of  Damodar  Valley  micaceous  kimberlites 
(orangeites)  relative  to  other  mafic  alkaline  igneous  rocks.  Data  for  the  Damodar  Valley  rocks  is 
from  Middlemost  et  al.  (1988),  Rock  et  al.  (1992)  and  Kent  et  al.  (1998b). 


Summary  and  conclusions 

Early  Cretaceous  mafic  alkaline  igneous  rocks  cropping  out  in  the  Damodar  Valley,  Bihar, 
India,  can  be  classified  as  micaceous  kimberlites  (orangeites).  Highly-differentiated  varieties  are 
mineralogically  similar  to  sanidine  richterite  lamproites,  suggesting  a  convergence  between  the 
orangeite  and  lamproite  clans.  The  Damodar  Valley  micaceous  kimberlites  are  potentially 
diamondiferous;  however,  diamond  grade  is  yet  to  be  established. 
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Abundant  geological,  stratigraphic,  structural,  geophysical  and  geochemical  data  indicate  that  Eastern 
European  Craton  (EEC)  has  the  structure,  geology  and  composition  typical  of  other  classic  Precambrian 
cratons  with  thick  (>  45  km)  mature  continental  crust  formed  before  Riphean  (Late  Proterozoic)  time.  East 
European  craton  includes  Archean  high-grade  granulite  terranes  (west  Baltic  and  Belorussky  terranes, 
granulite  terranes  within  Ukrainian  and  Baltic  shields)  intersected  by  Lower  Proterozoic  mobile  belts  which 
include  relics  of  classic  greenstone  belts  similar  to  South  African  (Barberton)  and  West  Australian 
(Kalgoorlie)  greenstone  terranes  (Vetrenny,  Dzukia,  and  Voronezh  belts).  EEC  mobile  belts  exhibit 
multiple  stages  of  intense  crustal  re-working  and  re-mobilization  which  precisely  correlate  with  world-wide 
stages  of  crustal  production  and  evolution  defined  in  other  ancient  cratons. 

Average  thickness  (>  45  km)  and  structure  of  the  EEC  continental  crust  is  typical  of  the  mature  continental 
crust  of  the  other  diamondiferous  Precambrian  cratons.  Seismic  and  electromagnetic  anomalies  identified 
within  the  lower  crust  of  EEC  resemble  crustal  anomalies  associated  with  productive  Zimny  Bereg 
(Arkhangelsk)  and  Mirny  (Siberian  province)  kimberlite  fields.  East  European  cratonic  crust  was  multiply 
rifted  along  its  margins  which  is  manifested  by  emplacement  of  various  ultramafic-mafic  magmatic  rocks 
(Early  Archean,  Early  Proterozoic,  Riphean- Vendian,  and  Late  Devonian-Early  Carboniferous). 

Two  major  alternative  tectonic  models  explaining  the  structure  of  the  Eastern  European  craton  currently 
exist  in  a  literature.  Scandinavian  geologists  suggested  that  the  EEC  basement  represents  an  agglomerate 
of  three  rather  large  Precambrian  crustal  segments  (essentially  a  composite  terrane)  -  e.g.,  Fennoscandia, 
Sarmatia,  and  Volgo-Uralia.  Another  model,  favored  by  Russian,  Belorussian,  and  Baltic  geologists 
suggests  that  the  EEC  is  built  of  numerous  blocks  and  slivers  of  Archean  (>  2.5  Ga)  crust  (Archean  crustal 
terranes)  set  in  a  "matrix"  of  Early  Proterozoic  mobile  belts. 

Archean  to  early  Proterozoic  ultramafic-mafic  rocks  are  either  mainly  concentrated  within  the  well- 
preserved  greenstone  belts  (Karelsky  granite-greenstone  region)  or  found  as  fragments  of  the  greenstone 
belt  terranes  within  the  younger  mobile  belts  (Dzukia  greenstone  belt  terrane  within  the  Inchukalnsky- 
Podliasky  mobile  belt).  Ultramafic-mafic  rocks  form  variably  metamorphosed  and  deformed  tectonic  blocks 
and  lenses,  boudines,  nappes  and  fragments  of  imbricated  thrust  sheets  as  well  as  (to  a  lesser  extent) 
fragments  of  the  layered  ultramafic-mafic  plutonic  complexes.  Archean  to  early  Proterozoic  ultramafic- 
mafic  rocks  include  mafic  two-pyroxene  gneisses,  chamokites,  amphibolites,  metagabbros,  diabases, 
serpentinites,  metaperidotites,  metapyroxenites,  and  komatiites.  Chemically,  these  rocks  resemble 
ultramafic-mafic  portions  of  the  Phanerozoic  oceanic  crust  and/or  (in  case  of  clearly  layered  ultramafic- 
mafic  rocks)  portions  of  Bushveld-type  layered  intrusions. 

The  Riphean- Vendian  ultramafic-mafic  magmatism  of  the  EEC  can  be  sub-divided  into  two  events 
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(episodes)  which  differ  from  each  other  in  volumes,  eruptive  styles,  and,  to  a  lesser  extent,  bulk  chemical 
composition:  Riphean  (1650-670  Ma)  and  Vendian  (670-590  Ma).  The  earliest  Riphean  event  includes 
predominantly  mafic  dikes  and  basaltic  lavas  associated  with  pyroclastic  and  sedimentary  rocks.  These 
volcanic-sedimentary  sequences  were  formed  in  the  small  grabens  and  syncline  structures  mainly  along  the 
margins  of  the  Baltic  and  Ukranian  shields. 

Late  Devonian-Early  Carboniferous  magmatic  rocks  manifest  a  cratonic  stage  of  the  EEC  evolution  and 
were  formed  during  extensive  rifting  which  to  a  large  extent  followed  general  spatial  pattern  of  the  older 
Precambrian  rifting  zones.  Three  Late  Devonian-Early  Carboniferous  magmatic  complexes  are  identified 
on  the  basis  of  their  composition  and  emplacement  style:  1)  continental  flood  basalts;  2)  sub-alkaline  and 
alkaline  ultramafic-mafic  rocks  and  spatially  associated  kimberlites  and  kimberlite-like  rocks;  and  3) 
ultramafic  to  mafic  lamprophyres  associated  with  carbonatites,  which  form  large  plutonic  complexes  and 
accompanying  ring-dikes  and  dike  swarms.  All  these  rock  groups  are  related  to  the  post-subduction  rifting 
along  the  margins  of  major  structures  of  the  East  European  craton  and  were  emplaced  in  large  grabens  and 
aulacogens. 

Late  Devonian-Early  Carboniferous  continental  flood  basalts  (CFBs)  mainly  occupy  the  southern  portion 
of  the  EEC.  Late  Devonian  flood  basalts  were  erupted  on  the  eastern  and  southeastern  slopes  of  the 
Voronezh  anticline  (Mamonovsky  volcanic  complex).  Middle  Devonian  (?)-Late  Devonian  CFBs  were 
developed  along  the  southwestern  slope  of  Voronezh  anticline  (Belgorodsky  volcanic  complex).  Late 
Devonian  flood  basalts  are  also  common  within  the  Dniepr-Donets  depression  (rift)  and  Donetsky  Range 
(Pripyatsky-Dneprovsky  volcanic  complex). 

Besides  continental  flood  basalts,  the  pervasive  rifting  within  EEC  margins  produced  a  variety  of  sub- 
alkaline  and  alkaline  igneous  rocks  (trachybasalts,  trachydolerites,  shonkinites,  leucite  tephrites,  porphyritic 
monzonites,  phonolites)  and  spatially  (but  not  necessarily  genetically)  associated  kimberlites  and  kimberlite¬ 
like  (including  extensively  contaminated  by  wall-rock)  rocks.  Three  major  ultramafic  alkaline  provinces 
are  recognized  within  the  western,  southern  and  northern  part  of  the  EEC:  1)  western  Belorussian  province, 
2)  northern  Arkhangelsk  (Zimny  Bereg)  province,  and  3)  southern  Donbass  province  (Ukraine).  There  is 
also  an  undervalued  kimberlite  potential  within  the  NE  comer  of  the  EEC  -  Timan-Pechora  region  and  also 
within  the  eastern  margin  of  the  East  European  craton  within  the  junction  zone  with  Ural-Mongolian 
orogenic  belt. 

All  major  Precambrian  structures  within  the  EEC  are  oriented  perpendicular  to  the  original  strike  of  the 
Iapetus  ocean-Tomquist  sea  system.  For  example,  all  structures  of  the  SW  part  of  the  EEC  basement 
(Belorus  and  Lithuania)  are  perpendicular  to  the  Teisseyre-Tomquist  zone  which  marks  the  SW  boundary 
between  the  EEC  and  Paleozoic  terranes  of  the  Western  Europe.  In  the  west  and  northwest  of  the  EEC 
(Baltic  shield,  Zimny  Bereg  of  the  White  Sea),  Precambrian  basement  structural  style  is  dominated  by  SE- 
NW-oriented  structures  which  are  also  perpendicular  to  the  Iapetus  ocean  structures  (Norwegian 
Caledonides)  in  this  part  of  the  craton.  Described  relationships  between  the  Archean  to  early  Proterozoic 
and  post-early  Proterozoic  structures  suggest  that  the  Iapetus-Tornquist  oceanic  basin  system  was  created 
through  the  large-scale  extension  of  the  mature  Archean-early  Proterozoic  continental  crust.  Fragments 
of  this  ancient  continental  crust  are  preserved  within  the  EEC  basement. 
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Subduction  of  the  Iapetus-Tomquist  paleo-oceanic  crust  was  completed  in  early  Devonian  and  caused  a 
new  episode  of  pervasive  late  Devonian-early  Carboniferous  rifting  manifested  by  emplacement  of  the 
alkaline  ultramafic  rocks.  Within  the  parts  of  the  craton  where  Precambrian  crystalline  rocks  were  covered 
by  Cambrian-Silurian  sediments  (SW  part  of  the  EEC-  Belorus  and  Lithuania;  N  part  of  the  EEC  -  Zimny 
Bereg),  new  late  Devonian-early  Cambrian  rifts  were  developed  parallel  to  the  Iapetus-related  subduction 
zones  and  perpendicular  to  ancient  Precambrian  rifts.  In  contrast,  within  the  areas  with  limited  subsidence 
and  low  sedimentation  rates  (Baltic  shield),  Precambrian  rifts  were  re-activated  during  the  late  Devonian- 
early  Carboniferous  extension  phase  and  original  (Precambrian)  orientation  was  preserved.  This  suggests 
that  the  late  Devonian-early  Carboniferous  rifting  and  associated  alkaline  ultramafic  magmatism  within  the 
EEC  was  preceded  and  most  probably  triggered  by  the  pre-Iate  Devonian  subduction  of  the  Iapetus  ocean- 
Tomquist  sea  oceanic  crust. 

Two  tectonic  events  are  of  importance  in  typical  diamondiferous  cratonic  settings:  1)  subduction  of  paleo- 
oceanic  lithosphere  below  craton  and  2)  subsequent  rifting  of  cratonic  crust  with  development  of  deep- 
seated  mantle  detachment  faults  which  are  capable  of  promoting  of  fast  ascent  of  ultramafic  alkaline 
magmas.  All  important  geologic/structural  and  petrologic/mineralogic  conditions  of  diamond  transport  and 
emplacement  were  released  during  two  stages  of  the  EEC  crustal  evolution:  I.  Lower  Proterozoic 
subduction  of  Archean  paleo-oceanic  crust  below  the  EEC  followed  by  Riphean-Vendian  (Late  Proterozoic) 
rifting  and  emplacement  of  ultrapotassic  (lamporitic)  magmas  and  II.  Early  Devonian  subduction  of 
Ordovician-Silurian  ocean  floor  of  the  Iapetus  Ocean-Tornquist  sea  system  followed  by  Late  Devonian- 
Early  Carboniferous  rifting  and  emplacement  of  kimberlitic,  Iamprophyric,  and  alkaline  basaltic  magmas. 

Two  types  of  potentially  diamondiferous  magmas  are  identified  within  the  EEC:  Riphean  (Late  Proterozoic) 
lamproitic  rocks  and  Late  Devonian-Early  Carboniferous  kimberlite  and  kimberlite-like  rocks.  These  rocks 
were  emplaced  within  major  rift  systems,  but  in  majority  of  cases  (except  Onezhsky  graben  -  Arkhangelsk 
kimberlite  province  and  South  Donbass  -  Petrovsky  kimberlite  field)  sedimentation  within  rift  grabens  was 
too  heavy  and  covered  potentially  productive  pipes  with  more  than  200  m  of  sedimentary  rocks.  Smallest 
thicknesses  of  sediment  overlying  pipes  or  pipe-like  magnetic  anomalies  (southern  Lithuania,  northwestern 
Lithuania  and  southwestern  Latvia)  are  localized  within  structural  domes  (rift  shoulders)  ajacent  to  rift 
grabens. 
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3.  Laboratoire  Pierre  Sue,  CEN  Saclay,  91191,  France 

Chemical  and  mineralogical  similarity  between  island-arc  mantle  (IAM)  peridotites  from  Kamchatka  and 
Philippines  and  cratonic  harzburgite  xenoliths  indicates  a  potential  genetic  relationship.  Arc  peridotites  have 
low  modal  clinopyroxene  content  and  refractory  olivine,  orthopyroxene  and  spinel  compositions  (olivine 
(F091.93),  spinel  -Cr/(Cr+Al)  of  0.65  to  0.81,  and  A1203  in  opx  -  0.4-1. 6  wt.  %)  (Figure  1).  The  modal 
opx  content  ranges  from  10  to 


Figure  1.  A1203  in  orthopyroxene  vs. 
Cr203  in  co-existing  spinel  for 
Kamchatka  pre-metasomatized  mantle 
(Kam.  PMM)  and  slab  melt- 
metasomatized  peridotites  and 

pyroxenites  (Kam.  SMM)  compared  with 
oceanic  peridotites  (Bonatti  and  Michael, 
1989),  inclusions  in  diamond  (Gurney 
and  Zweistra,  1995),  and  cratonic 
peridotites  (Rudnick  et  al.,  1994). 


25%.  Arc  harzburgites  exhibit  extremely 
low  Ti02  (0.01-0.03  wt.%)  and  A1203  (0.4-0.6  wt.%)  and  high  Cr  (2635-4360  ppm),  Ni  (2361-2600  ppm) 
and  refractory  PGEs  (Os-  3-6  ppb,  Ir-  3. 4-6. 8  ppb,  Ru-  10-28  ppb).  IAM  is  systematically  depleted  in  LILE 
(Ba  and  Sr),  PTFSE  (Ta,  Hf,  Ti),  Th,  U,  REE  compared  to  primitive  mantle  and  continental  lithospheric 
mantle  (CLM)  (Figure  2).  Enrichments  in  Ba  and  U  relative  to  other  incompatible  elements  reflect  fluid 
addition  from  the  subducted  slab.  IAM  exhibits  a  flat  chondrite-normalized  PGE  pattern,  virtually  similar 
to  cratonic  garnet  peridotites  with  an  exception  of  Pt  and  Au  enrichments  in  IAM  peridotites.  Cratonic 
peridotites  have  other  notable  similarities  to  the  Kamchatka  peridotites:  low  Al  content  of  co-existing 
orthopyroxene  and  spinel,  high  olivine  Fo  content,  high  modal  orthopyroxene  abundance.  Both  Kaapvaal 
and  Kamchatka  peridotites  contain  orthopyroxene-rich  veins  interpreted  as  a  result  of  slab  melt-mantle 
interaction.  A  three-stage  melt  extraction  model  is  proposed  to  achieve  the  IAM  composition:  1) 
extraction  of  MORB  melt  at  mid-ocean  ridge;  2)  extraction  of  basaltic  melt  in  back-arc  spreading  center 
and  3)  hydrous  partial  melting  in  a  sub-arc  mantle  wedge  to  produce  arc  magmas.  This  multiple  melt 
extraction  produces  progressively  more  extreme  depletion  in  residual  mantle.  This  process  may  have 
been 
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Figure  2.  Chondrite-normalized  trace 
element  diagram  for  Island- Arc  Mantle 
(this  study)  and  Continental 
Lithospheric  Mantle  (McDonough, 
1990). 


responsible  for  growth  of  continental  lithosphere  in  Precambrian  via  lateral  and  vertical  accretion  as 
indicated  by  an  apparent  synchronicity  in  TTG  crustal  production  (3.5-2. 1  Ga),  diamond  growth  (3.4- 
1.9  Ga),  Os  model  ages  for  cratonic  lithospheric  peridotites  (3. 5-2. 7  Ga)  and  kimberlite-borne  eclogites 
(3. 4-2. 6  Ga)  (Pearson  et  al.,  1995).  Thicker  continental  roots  below  Archean  cratons  in  comparison  with 
rather  thin  lithosphere  of  Cenozoic  arcs  reflect  different  time  scales  for  lithospheric  accretion  and  growth 
(e.g.  1000  Ma  for  cratons  and  100  Ma  for  modern  arcs). 


Os  Ir  Ru  Rh  Pd  Pt  Au 


Figure  3.  Chondrite-normalized  PGE 
abundance  patterns  (normalizing 
values  from  Naldrett  and  Duke,  1980) 
for  island-arc  mantle  xenoliths  from 
Kamchatka  (avx3 3,  avx51  and  avx48), 
garnet  peridotite  (Morgan  et  al., 
1981),  primitive  mantle  (Morgan  et  al., 
1981)  and  diamond  inclusions 
(Bulanova  et  al.,  1996). 


The  Pt  and  Au  enrichments  observed  in  IAM  peridotites  (Figure  3)  can  be  potentially  linked  to  PGE 
mineralization  associated  with  collision-related  Proterozoic  gabbro-anorthosite  complexes  (anorthosite 
complexes  along  the  southeast  margin  of  Siberian  craton,  Svekofennian  intrusions  within  the  Baltic  Shield) 
and  to  epithermal  gold  mineralization  in  modern  arcs  and  ancient  calc-alkaline  and  TTG  igneous  suites 
within  Archean  cratons. 
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Airborne  Electromagnetic  and  Magnetic  Surveying  in  the  Search  for 

Kimberlites 
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Extended  Abstract 

In  aerial  geophysical  surveying  four  physical  parameters  of  the  underlying  ground  can  be 
measured,  namely  magnetic  susceptibility,  radioactivity,  conductivity  and  density. 
Airborne  detectors  capable  of  measuring  magnetic  susceptibility  have  been  used  since  the 
1940’s,  conductivity  and  radioactivity  since  the  1950’s  and  gravity  since  the  1980’s.  The 
measurement  of  both  magnetics  and  electromagnetics  are  mature  sciences  that  when 
properly  utilized  can  detect  conductive  and  or  magnetic  targets  that  are  relatively  small 
both  in  aerial  extent  and  in  physical  property  contrast  relative  to  the  host  rocks. 
Radiometrics  is  a  mature  science  but  lacks  sufficient  resolution  to  detect  small  targets 
such  as  pipes.  Airborne  gravity  is  presently  an  immature  method  and  as  yet  does  not 
have  the  resolution  to  detect  features  much  smaller  than  2  kilometers  in  spatial  extent  or 
the  small  density  contrast  (>  2  mgal)  between  most  host  rocks  and  kimberlite. 

Aeromagnetic  surveying  has  been  used  extensively  for  the  detection  of  kimberlite  pipes 
and  is  recognized  as  being  an  essential  part  of  any  exploration  program.  This  method 
requires  a  susceptibility  contrast  between  the  kimberlite  rock  and  the  host  rock. 
Aeromagnetics  is  most  useful  where  kimberlites  have  been  intruded  into  rocks  that  have  a 
low  magnetic  susceptibility  such  as  sandstone  or  other  sedimentary  rocks.  An  exception 
to  this  is  where  laterites  have  been  formed  and  magnetite  concentration  at  the  surface 
resulting  from  this  weathering  process  may  hide  weak  responses  from  kimberlites. 
Magnetic  responses  are  more  difficult  to  interpret  when  the  area  of  interest  to  the 
explorationist  contains  volcanic  rocks.  In  addition  a  kimberlite  may  have  a  magnetic 
signature  which  is  negative,  positive  or  neutral  with  respect  to  the  host  rock  such  it’s 
detection  is  often  impossible. 

Airborne  electromagnetics  has  been  used  for  the  detection  of  kimberlites  since  the  mid 
1970’s  both  in  Africa  and  in  Canada.  Macnae  described  the  use  of  Input  for  kimberlite 
exploration  in  a  program  in  South  Africa  in  1976.  Selco  used  Input  extensively  for 
kimberlite  exploration  in  the  James  Bay  Lowlands  of  Northern  Ontario  through  out  the 
1970’s. 

The  widespread  use  of  combined  electromagnetic  and  magnetic  surveys  commenced  in 
1991  when  BHP  and  Diamet  employed  the  five  frequency  helicopter  borne  Dighem 
system  (Figure  1)  as  the  primary  exploration  tool  in  the  Lac  de  Gras  area  of  Northern 
Canada. 
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TheDIGHEMv  Five  Frequency  EM  System 


*  DIGHEMV;  5  frequency  HEM  bird 


Figure  1 


Chuck  Fipke  first  noted  the  potential  of  the  area  for  containing  kimberlites  when  he  used 
geochemical  methods  to  trace  the  glacial  dispersion  train  of  diamond  indicator  minerals 
from  the  Mackenzie  Valley  to  Lac  de  Gras.  Diamond  and  ilmenite  indicators  in  a 
glaciated  terrain  are  resistive  to  mechanical  destruction  and  allowed  Fipke  to  target  an 
area  at  a  distance  greater  than  800  kilometers  from  where  he  began  his  search.  However, 
the  area  identified  by  Fipke  was  over  10,000  square  kilometers  in  size.  At  this  stage,  a 
small  helicopter  borne  Dighem  electromagnetic  survey  was  commissioned  to  try  to 
directly  detect  any  pipes  in  the  area.  The  Point  Lake  discovery  pipe  was  mapped  by  the 
electromagnetic  system  on  the  first  survey  flight. 

Airborne  electromagnetic  surveying  has  become  a  standard  exploration  tool  for  diamond 
exploration.  To  date  over  200,000  line  kilometers  of  fixed  wing  (GEOTEM  )  and 
helicopter  borne  (Dighem)  surveys  have  been  flown  in  the  Lac  de  Gras  area.  Several 
conductive  but  non-magnetic  kimberlites  have  been  identified  on  these  combined 
surveys.  Exploration  in  the  area  is  unique  in  that  due  to  glaciation,  the  area  has  been 
pockmarked  wherever  the  glaciers  passed  over  softer  rocks.  These  pockmarks 
subsequently  filled  with  melt  water  to  form  extensive  lake  systems.  Up  to  25%  of  the 
exploration  areas  is  covered  by  these  lakes.  As  kimberlite  is  a  soft  rock,  the  majority  of 
kimberlites  are  also  hidden  beneath  lakes. 
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The  Dighem  system  was  re-introduced  to  Australia  in  1994  primarily  to  carry  out 
Kimberlite  exploration  programs.  Dighem  surveys  have  been  carried  out  over  Argyle 
(RTZ),  the  Merlin  project  (Ashton),  Beta  Creek  and  Seppelt  (Striker  Resources)  and  over 
several  areas  in  the  Yilgarn.  In  addition  to  direct  detection  of  pipes,  resistivity  and  depth- 
to-conductor  maps  have  been  generated  from  the  electromagnetic  data  in  order  to  map 
palaeochannels  that  could  contain  alluvial  diamond  deposits. 

Airborne  electromagnetic  surveying  for  diamond  exploration  differs  from  other 
applications  in  the  line  spacing,  the  selection  of  frequencies  and  unique  interpretation 
techniques  that  can  differentiate  between  kimberlites  and  other  conductive  bodies. 

Several  criteria  are  used  for  evaluating  the  electromagnetic  and  magnetic  signature  to 
determine  if  it  could  be  due  to  a  kimberlitic  body.  These  include; 

•  Both  a  electromagnetic  and  a  magnetic  response 

•  A  bulls-eye  appearance  to  the  magnetic  and/or  electromagnetic  contours 

•  A  characteristic  double  peak  on  co-axial  and  single  peak  on  co-planar  EM  data 

•  When  both  EM  and  magnetic  responses  are  present  the  EM  response  will  be  from  a 
shallower  source  than  the  magnetics 

•  More  than  one  anomaly  will  be  present  due  to  clustering  of  pipes 

•  Association  with  a  circular  topographic  feature 

•  Generally  a  high  amplitude  response  at  the  higher  EM  frequencies 

Examples  of  these  characteristics  are  evident  in  data  sets  from  pipes  in  the  Lac  de  Gras 
area  of  Canada  and  the  Beta  Creek  and  Merlin  areas  in  Australia. 

A  second  use  of  electromagnetics  is  the  mapping  of  palaeochannels.  Examples  of 
palaeochannel  mapping  from  the  Yilgarn  area  of  Western  Australia  clearly  indicate  the 
presence  of  old  streambeds. 
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Introduction 

130  microdiamonds  <0.5mm  diameter  were  selected  from  17  different  kimberlitic  diatremes  around 
the  world  for  in  situ  13C/12C  measurements  by  ion  probe  as  part  of  a  broader  study  of  their 
morphological,  optical  and  chemical  characteristics  (Trautman  et  al,  1997;  this  volume). 


Analytical  methods 

Each  microdiamond  was  sectioned,  polished 
and  analysed  by  cathodoluminescence  and  FT- 
IR  spectrometric  methods  prior  to  C  isotopic 
study.  In  preparation  for  C  isotopic  analysis, 
the  stones  were  pressed  into  a  substrate  of  soft 
indium  metal  filling  recessed  mounts  made  of 
stainless  steel  or  aluminium,  and  gold-coated. 
In  each  mount,  a  plate  of  a  synthetic  diamond 
standard  'syn-A'  was  placed  alongside  the 
unknowns.  13C/12C  analyses  were  done  using 
the  Edinburgh  CAMECA  ims-4f  ion  probe, 
following  the  method  developed  for  large 
diamonds  by  Harte  and  Otter  (1992).  A  0.5nA 
primary  Cs+  beam  was  employed,  sputtering 
C~  ions  from  a  lOpm  triangular-shaped  area  on 
the  cut  surface.  Typical  count-rates  for  12C- 
and  13C"  of  106  and  104  counts  per  second, 
respectively,  were  obtained  from  unknowns 
and  standards  alike.  A  single  analysis 
constituted  a  one  second  count  on  f2C" 
followed  by  a  six  second  count  on  13C", 
repeated  50  times.  A  deadtime  correction  of 
13.5  ns  was  applied  to  the  raw  counts,  and  a 
mean  l3C/12C  ratio  was  calculated  for  each  data 
set.  This  ratio  was  then  normalized  for 
instrumental  isotopic  mass  fractionation,  based 
on  the  data  obtained  for  the  syn-A  standard  and 
its  known  composition  (Fig.l),  then  converted 


to  513C  notation,  which  represents  permil 
deviation  from  the  13C/I2C  ratio  of  the 
international  PDB  standard.  Estimated 
uncertainties  on  individual  analyses  range  from 
±1.2  to  1.8  %o. 
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Figure  1.  A  subset  of  the  raw  data.  The  sloping  trend 
in  the  standard  analyses  represents  increased  mass 
fractionation  over  time,  due  to  changing  counting 
efficiency  of  the  electron  multiplier  detector  with  use. 
13C/12C  ratios  of  unknowns  were  corrected  by  ratioing 
to  an  interpolated  value  for  the  standard  at  the  time  of 
analysis  of  each  unknown,  given  that  the  syn-A 
standard  has  a  mean  513CPDB  of -23.924. 


Results 

Duplicate  I3C/12C  measurements  (on  adjacent  probe  spots)  were  performed  on  almost  every  stone 
analysed,  thereby  providing  an  internal  check  on  reproducibility.  Additional  points  were  analysed  on 
stones  which  showed  striking  CL  zonation,  in  order  to  test  for  possible  isotopic  variations  among  and 
between  zones,  and  from  core  to  rim.  Up  to  eight  spots  were  analysed  on  a  few  stones  in  which 
significant  isotopic  heterogeneity  was  found.  However,  most  stones  showed  no  significant  variation 
in  13C/12C  beyond  analytical  uncertainty,  regardless  of  whether  zoned  or  homogeneous  in  CL.  In 
fact,  the  reproducibility  of  duplicate  analyses  of  the  natural  unknowns  was  in  most  cases  superior  to 
that  of  successive  analyses  of  the  syn-A  synthetic  diamond  standard,  implying  that  the  standard  is  less 
homogeneous  than  most  natural  targets  and  ought  to  be  pensioned  off. 
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The  most  dramatic  case  of  isotopic  heterogeneity  within  a  single  microdiamond  was  found  in  a  stone 
from  M  pipe,  Brazil,  in  which  the  CL  image  revealed  a  curved  boundary  transecting  growth  laminae. 
Four  analytical  sites  on  one  side  of  this  boundary  yielded  a  mean  value  of  -18,  all  within  error, 
whereas  four  sites  on  the  other  side  were  l%c  heavier  at  -1 1,  again  all  within  error  (Fig.2).  A  number 
of  other,  less  dramatic  examples  of  heterogeneity  coupled  to  CL  zonation  were  observed,  including 
two  stones  from  the  Sytykanskaya  kimberlite,  Siberia,  in  which  central  zones  were  up  to  3 %c  lighter 
than  the  corresponding  overgrowths  (Fig.2).  (Variations  less  than  approximately  1.5%©  are  too  small 
to  be  discerned  by  this  technique  at  the  current  level  of  precision). 


Figure  2.  Sketches  of  sectioned  microdiamonds  that 
were  found  to  be  isotopically  heterogeneous,  showing 

8^C  values  determined  by  ion-probe  in  relation  to 
structures  seen  by  cathodoluminescence.  Top:  MP017, 
a  patchily  zoned  dodecahedroid  stone  from  M  pipe, 
Brazil;  Bottom:  SY140,  an  octahedral  stone  from  the 
Sytykanskaya  kimberlite,  Siberia,  with  a  cubic  growth 
form  in  the  core  and  a  roughlaid  octahedral  overgrowth. 

Figure  3  is  a  compilation  of  all  of  the  8^C 
data.  In  broad  terms,  it  shows  the  familiar 
skewed  distribution  of  macro-diamond 
compilations  (e.g.  Deines,  1980),  featuring  a 


prominent  peak  in  the  range  -2  to  -5,  a  steep 
cutoff  at  approximately  zero  permil,  and  a  few 
highly  negative  values.  The  total  range  in 
measured  compositions  was  from  0  to  -2 1 . 


Figure  3.  Histograms  of  mean  8^C  for  each  analysed 
microdiamond  (or  each  zone  where  a  significant 
difference  between  zones  was  found),  grouped  on  a 
regional  basis.  Australian  localities:  Argyle,  Aries, 
Coanjula,  Ellendale,  Excalibur,  Emu-2,  Jewill-2, 
Walgidee  Hills;  Siberian  localities:  Aikhal,  Mir, 
Sputnik,  Sytykanskaya,  Udachnaya,  Yulibeynaya; 
Others:  Roberts  Victor  (South  Africa),  M  pipe  (Brazil), 
Suomi  (Finland). 
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Comparisons  between  data  sets  from  individual  localities,  however,  reveal  that  some  systematic 
differences  may  exist  in  the  isotopic  compositions  of  micro-  and  macro-diamond  suites  in  some  areas. 
Our  data  for  ten  microdiamonds  from  the  Argyle  lamproite  in  Western  Australia,  for  example,  range 
from  -1  to  -7.  In  contrast,  large  diamond  populations  from  Argyle  peak  at  about  -12 %o  (Jaques  et  al, 
1989)  with  an  overall  range  from  0  to  -16.  The  microdiamonds  from  Argyle,  therefore,  appear  to 
represent  either  a  separate  paragenesis  to  the  accompanying  macrodiamonds  or  alternatively  a  subset 
of  the  main  population.  At  other  localities  where  large  diamond  data  are  available  for  comparison, 
e.g.  Roberts  Victor,  Mir,  the  microdiamond  data  are  more  consistent  with  the  published  isotopic 
distribution  patterns  for  coexisting  macrodiamonds. 

Conclusions 

Microdiamonds  are  small  diamonds.  The  overall  distribution  of  carbon  isotopic  compositions  found 
among  microdiamond  suites  mirrors  that  of  large  diamonds.  Together  with  the  observations  on 
growth  structures  and  nitrogen  aggregation  states  made  by  CL  imaging  and  FT-IR  spectroscopy 
(Trautman  et  al,  this  volume),  this  is  consistent  with  the  hypothesis  that  all  diamonds  of  kimberlitic 
derivation  share  common  origins,  irrespective  of  whether  they  are  the  products  of  a  single 
environment  of  growth  or,  more  likely,  multiple  environments  and  growth  stages. 

Individual  localities  have  their  own  unique  carbon  isotopic  distribution  patterns  in  diamonds  (e.g. 
Galimov,  1991).  In  most  instances  the  distribution  patterns  obtained  from  microdiamonds  in  a  single 
diatreme  are  very  similar  to  those  of  their  larger  cousins,  (bearing  in  mind  that  the  microdiamond  data 
sets  from  individual  localities  are  small).  Argyle,  however,  appears  to  be  an  exception. 

Despite  its  lower  precision  in  relation  to  other  measurement  techniques,  the  superior  spatial  resolution 
of  ion-probe  13C/12C  analyses  has  proven  useful  in  being  able  to  detect  small-scale  isotopic 
heterogeneities  up  to  7 %o  within  single  crystals. 
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Origin  of  Depleted  Cratonic  Harzburgite  by  Deep  Fractional  Melt  Extraction 
and  Shallow  Olivine  Cumulate  Infusion 

Kinzler,  R.J.  1  and  Grove,  T.L. 2 

1.  Department  of  Earth  and  Planetary  Sciences,  American  Museum  of  Natural  History,  Central  Park  West  at  79th 
Street,  New  York,  New  York  10024-5192  USA 

2.  Department  of  Earth,  Atmospheric  and  Planetary  Sciences,  Massachusetts  Institute  of  Technology,  Cambridge,  MA 
02139  USA 

We  have  used  the  near-fractional  adiabatic  decompression  melting  model  developed  by  Kinzler 
( 1 997)  to  evaluate  potential  melting  mechanisms  that  could  account  for  the  observed  enstatite-rich 
and  high  Mg#  characteristics  of  cratonic  peridotites.  Our  model  consists  of  a  three-step  process.  1) 
Near-fractional  decompression  melting  of  a  fertile  peridotite  protolith  at  pressures  between  3.5  and 
1 .6  GPa  produces  a  residue  that  coincides  with  the  enstatite-rich  extreme  of  the  cratonic  peridotite 
array.  This  end  member  represents  the  point  in  fractional  melting  where  high-Ca  pyroxene  (hi-Ca 
pyx)  is  exhausted  from  the  residue.  2)  Further  decompression  melting  of  the  olivine  + 
orthopyroxene  (opx)  +  garnet  residue  leads  to  a  depletion  in  opx  and  garnet  and  enrichment  in 
olivine.  3)  As  this  depleted  residue  ascends  to  shallow  depths,  it  cools  to  below-solidus 
temperatures  and  ceases  to  melt.  Magmas  continuously  produced  in  the  deeper  part  of  the  melt 
column  ascend  into  this  shallow,  cool  depleted  residue  and  crystallize  liquidus  olivine.  This  process 
infuses  a  continuum  of  variably  depleted  residues  produced  during  step  1  and  2  with  olivine  and 
lowers  their  bulk  compatible  trace  element  abundances.  In  the  following  discussion  we  predict  the 
compositional  variations  that  occur  from  such  a  three-step  process  and  compare  them  to  the 
chemical  characteristics  of  Kaapvaal  and  Siberian  depleted  harzburgites. 

Near-fractional  melting  in  the  upper  spinel-  and  garnet-  facies  O’Hara  (1963)  showed  that 
peridotite  melting  in  the  garnet  stability  field  proceeded  through  the  following  reaction: 

olivine  +  garnet  +  high-Ca  pyx  =  liquid  +  opx  [  1  ] 

Kinzler  (1997)  found  that  peridotite  melting  in  the  spinel  stability  field  at  pressures  approaching 
the  spinel  to  garnet  transition  also  proceeded  through  an  opx-producing  reaction: 

olivine  +  spinel  +  high-Ca  pyx  =  liquid  +  opx  [2] 

Kinzler  (1997)  also  found  that  melting  in  the  transition  region  (where  spinel  and  garnet  coexist) 
proceeded  through  an  opx-producing  reaction.  The  minimum  pressure  under  which  the  form  of 
melting  reaction  resembles  that  shown  in  [1]  is  ~  2.1  GPa  for  natural  depleted  mantle  bulk 
compositions;  that  shown  in  [2]  persists  to  pressures  as  low  as  1.7  GPa  (and  potentially  lower 
pressures  for  alkali-rich  melts).  We  have  used  the  stoichiometric  coefficients  provided  by  Kinzler 
(1997)  to  quantitatively  assess  the  role  of  near- fractional,  adiabatic  decompression  melting  in  the 
formation  of  the  Kaapvaal  peridotites.  The  Hart  and  Zindler  depleted  mantle  1  (Kinzler,  1997)  was 
chosen  as  the  starting  mantle  composition,  and  changes  in  the  initial  mantle  are  not  expected  to 
significantly  alter  the  conclusions.  For  the  purposes  of  this  discussion  we  modeled  step  1  of  melt 
production  over  the  shallowest  portion  of  the  pressure  interval  where  opx  +  melt  are  produced. 
Near  fractional-melting  was  assumed  to  occur  at  the  rate  of  1  wt.  %  melting  per  0.1  GPa  of  ascent. 
Of  this  1  %  melt,  90  %  was  removed  and  10%  left  in  the  residue.  Melting  proceeded  until  all  high- 
Ca  pyx  was  exhausted.  The  end  point  of  the  step  1  melting  process  is  shown  in  Fig.  1  as  a  gray 
square.  Note  that  this  composition  plots  at  the  opx-rich  end  of  the  harzburgite  suite  of  Boyd  et  al. 
(1997).  This  is  a  result  not  anticipated  by  Herzberg  (1993,  and  references  therein).  Their  treatment 
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of  mantle  melting  assumed  a  batch  process,  and  they  concluded  that  the  Si02  content  of  any  likely 
melt  was  too  high  to  produce  an  Si02-rich  harzburgite  residue  from  a  low-Si02  starting  mantle. 
Their  analysis  neglected  the  incongruent  nature  of  the  mantle  melting  reaction.  With  opx  on  the 
melt  producing  side  of  [1]  or  [2],  fractional  melting  leads  to  Si02-enrichment  of  the  residue  through 
the  addition  of  opx,  and  the  extraction  of  Si02-undersaturated  melts.  This  melting  process  contrasts 
with  the  one  that  leads  to  the  production  of  abyssal  peridotites  at  mid-ocean  ridges  (Niu  et  al., 
1998).  Melting  of  the  mantle  beneath  mid-ocean  ridges  to  produce  MORB  begins  at  lower 
pressures,  and  most  of  the  melt  generation  occurs  at  pressures  where  incongruent  melting  yields 
olivine  +  opx  +  liquid  or  olivine  +  liquid  as  products. 

Melting  after  exhaustion  of  high-Ca  pyx  and  infusion  of  olivine  by  shallow  fractional 
crystallization  After  all  the  high-Ca  pyx  is  extracted  from  the  residue,  melting  will  cease  to 
proceed  by  reaction  [1]  or  [2].  We  have  inferred  a  melting  reaction  along  the  olivine  +  opx  +  garnet 
boundary  from  high-extent  melting  experiments  (Takahashi,  1986)  to  be:  olivine  +  opx  +  garnet  = 
liquid.  Melting  under  these  conditions  leads  to  a  slight  enrichment  of  olivine  and  an  increase  in  the 
Mg#  of  the  residue.  The  path  followed  by  the  residue  during  this  stage  of  melting  (step  2)  is  shown 
in  Fig.  1  as  a  light  gray  dashed  arrow.  For  step  3,  we  assume  that  the  mantle  falls  below  its  solidus 
as  it  ascends  to  shallower  depth  and  that  melt  generation  therefore  ceases.  Magmas  produced 
deeper  in  the  mantle  melting  column  will  move  up  through  this  shallow  residue  and  crystallize 
olivine  as  they  cool  and  decompress.  Such  a  process  naturally  leads  to  continued  enrichment  of  the 
residue  in  olivine.  The  step  3  infusion  of  olivine  by  fractional  crystallization  is  illustrated  in  Fig.  1 
for  the  least-  (step  1)  and  most-depleted  (step  2)  mantle  residues.  We  suggest  that  step  3  would 
impart  a  general  olivine  enrichment  trend  to  the  melting  residues  produced  through  steps  1  and  2. 
This  process  also  results  in  a  decrease  in  compatible  elements  in  the  residue  as  the  fraction  of 
olivine  increases,  because  the  magmas  that  precipitate  the  olivine  are  continuously  cooling  and 
fractionating  as  they  ascend  through  the  overlying  residues.  This  step  of  the  process  could  include 
dissolution  of  opx  with  precipitation  of  olivine  from  the  infiltrating  magma  (e.g.  Keleman  [1990] 
where  olivine  rather  than  opx  [Keleman  et  al.,  1997]  is  produced  by  melt/rock  reaction).  Olivine 
that  is  added  will  have  a  lower  Ni  content,  but  it  is  not  clear  that  the  step  3  magmatic  process 
proposed  here  will  be  capable  of  producing  the  Ni  trends  observed  in  some  Kaapvaal  suites  (Boyd, 
1997). 

Summary  We  have  calculated  a  near-fractional,  adiabatic  decompression  melting  model  that  can 
lead  to  opx-enrichment  in  a  mantle  residue.  The  correspondence  between  the  model  calculation  and 
the  cratonic  peridotite  suite  is  promising,  but  it  does  not  constitute  a  perfect  match.  The  Kaapvaal 
suite  samples  are  variably  serpentinized,  and  this  serpentinization  process  may  have  modified  the 
olivine  composition  and  other  bulk  rock  chemical  characteristics,  like  the  Ni  content.  Finally,  the 
conditions  of  melting  will  have  an  effect  on  the  ultimate  position  of  the  opx  enriched  residue.  The 
Kinzler  (1997)  data  encompass  the  low-pressure  end  of  the  potential  melting  regime  where  reaction 
[1]  and  [2]  may  occur.  Higher  pressure  models  should  be  explored.  In  addition,  the  influence  of 
H20,  which  can  also  result  in  the  melting  stoichiometry  expressed  in  [2]  (Gaetani  and  Grove,  1998) 
should  be  explored.  Boyd  (1989)  first  pointed  out  the  contrast  between  major  element 
characteristics  of  depleted  cratonic  harzburgites  and  abyssal  peridotites.  The  combined  processes 
of  melting  and  subsequent  olivine  addition  proposed  here  for  the  generation  of  the  Kaapvaal 
peridotites  is  similar  to  that  proposed  by  Niu  et  al.  (1998)  to  explain  the  generally  olivine-rich 
nature  of  abyssal  peridotites.  The  key  difference  is  the  pressure  at  which  the  two  processes  are 
thought  to  occur. 
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Fig.  1  A  plot  of  modal  olivine  (wt. 

%)  vs  Mg#  (mole  %)  for  low 
temperature  peridotites  from  the 
Kaapvaal  and  Siberian  cratons  from 
Boyd  et  al.  (1997).  Superimposed  on 
this  plot  is  the  fractional  melting  and 
olivine  infusion  model.  Fractional 
melting  in  steps  1  and  2  produces  a 
variably  depleted  melting  column.  In 
step  3  magmas  from  depth  ascend  and 
pass  through  the  residue,  where  they 
decompress,  cool  and  crystallize 
liquidusolivine. 
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Kimberlite  Emplacement  Processes  Interpreted  from 
Lac  de  Gras  Examples 
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Dierker,  C. 

BHP  Minerals  Canada,  Ltd.,  #8-1699  Powick  Road,  Kelowna,  B.C.,  V1X  4L1,  Canada 


One  hundred  kimberlite  bodies  have  been  discovered  on  the  BHP-Dia  Met  property  in 
the  Lac  de  Gras  region  of  Canada’s  Northwest  Territories.  In  a  number  of  the  pipes, 
drilling  has  encountered  crater  facies  kimberlites  to  substantial  depths  below  the 
surface,  e  g.  to  a  depth  of  400m  in  a  pipe  with  a  150m  diameter.  This  presents  the 
opportunity  to  re-examine  kimberlite  emplacement  models.  Existing  models  have 
developed  largely  through  study  of  South  African  pipes  where  crater  facies  kimberlite 
is  rarely  encountered  and  was  postulated  to  occur  only  in  the  uppermost  levels  of  pipes 
(Hawthorne,  1975).  Emplacement  models  presented  here  are  derived  from  kimberlite 
lithologies  and  textures  observed  in  drill  core  from  BHP-Dia  Met  kimberlites.  These 
interpretations  are  preliminary  and  meant  to  serve  as  working  models;  additional 
drilling  and  mine  development  will  provide  more  information  to  refine  these  models. 

Four  stages  of  kimberlite  emplacement  are  envisaged;  these  may  occur  separately  and 
successively,  or  may  overlap: 

1  Explosive  eruption  causes  expulsion  of  host  rock  and  creates  an  open  pipe.  Host 
rock  debris,  along  with  variable  amounts  of  pyroclastic  kimberlite,  is  deposited  at 
the  crater  rim.  The  newly  formed  pipe  may  remain  open  for  some  period  of  time 
as  evidenced  by  layers  of  water  lain  sediments,  some  organic-rich,  encountered  by 
deep  drill  intercepts  in  some  pipes. 

2.  Pyroclastic  kimberlite  derived  from  subsequent  eruption(s)  begins  to  fill  the  pipe 
and  accumulates  as  rim  deposits.  This  variety  of  kimberlite  consists 
predominantly  of  olivine  macrocrysts  in  ash  matrix.  Size  and  compositional 
layering  may  be  present,  indicating  segregation  of  coarse/fine  and  heavy/light 
components  during  eruption  and  deposition.  Host  rock  xenoliths  and  crustal 
debris  such  as  wood  and  mudstone  fragments  are  relatively  rare. 

3.  Epiclastic  kimberlite  and  crustal  debris  eroded  from  the  crater  rim  are  deposited 
into  the  pipe.  This  variety  of  fill  consists  of  olivine  macrocrysts  and  kimberlite 
ash  mixed  with  abundant  crustal  materials  such  as  host  rock  granitic  and  mudstone 
fragments,  their  derivatives  such  as  quartz,  feldspar  and  mica  grains,  and  surficial 
organic  debris  such  as  wood.  Sorting  and  layering  are  common. 

4.  Diatreme  and/or  hypabyssal  facies  kimberlite  intrudes  into  pyroclastic/epiclastic 
materials.  Intrusive  relationships  between  facies  types  are  evidenced  by  sharp 
contacts  and  by  inclusion-host  and  cross-cutting  relationships,  including  diatreme 
facies  overlying  crater  facies  lithologies.  Alternatively,  gradational  contacts 
between  crater  and  diatreme  facies  are  observed  in  some  pipes.  Gradational 
contacts  suggest  that  diatreme  facies  kimberlite  emplacement  followed  shortly 
after  crater  facies  kimberlite  deposition,  before  the  volcaniclastics  compacted  and 
lithified. 
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Complete  expulsion  of  host  rock,  which  allows  for  subsequent  infilling  of  an  open  pipe, 
is  proposed  to  be  a  function  of  intense  fluid  pressure  which  built  up  in  front  of  the 
kimberlite  magma  advance.  Such  high  fluid  pressures  are  proposed,  in  turn,  to  be  a 
function  of  the  impervious  nature  of  the  Slave  Province  granitic  crust  which  prevented 
a  decrease  in  fluid  pressure  prior  to  eruption.  Fluid  associated  with  the  kimberlite 
magma  was  therefore  able  to  penetrate  to  a  minimum  distance  beneath  the  surface 
whilst  maintaining  maximum  pressure.  Near  surface  fracturing  followed  by 
breakthrough  of  this  high  pressure  fluid  ejected  virtually  all  pre-existing  material  out  of 
the  pipe.  A  few  of  the  pipes  contain  relatively  abundant  xenoliths  of  granitic  host  rock 
in  diatreme  facies  breccias  which  indicate  incomplete  expulsion  of  host  rock.  This  may 
be  a  result  of  decreased  fluid  pressures,  e.g.  due  to  leakage  of  fluid  along  fractures, 
such  that  intense  pressure  required  to  expel  all  host  rock  was  not  available. 

Epiclastic  deposition  resulted  from  erosion  of  the  rim  deposits.  Fine  material  occurs  as 
thin  mudstone  beds  in  some  pipes  and  suggests  that  rain  water  winnowed  fines  from  rim 
deposits  and  washed  them  into  the  pipe.  This  winnowing  appears  to  have  sufficiently 
destabilized  rim  deposits  to  permit  mass  wasting  of  coarse-grained  kimberlite,  crustal 
xenoliths  and  organic  debris  into  the  pipe.  Well-sorted  and  graded  beds,  tens  of  meters 
thick,  indicate  subaqueous  deposition  in  some  pipes. 

Whether  pyroclastic  or  epiclastic  kimberlite  is  the  dominant  pipe  lithology  depended  on 
the  quantity  of  kimberlite  associated  with  the  initial  fluid  breakthrough.  Availability  of 
substantial  quantities  of  kimberlite  allowed  pipes  to  fill  with  dominantly  pyroclastic 
and/or  reworked  pyroclastic  material  eroded  from  the  rim.  Emplacement  of  limited 
quantities  of  pyroclastic  kimberlite  resulted  in  pipes  filled  with  dominantly  non- 
kimberlitic  epiclastic  materials.  Alternating  pyroclastic  eruptions  and  epiclastic 
deposition  from  the  rim  produced  sequences  of  interbedded  crater  volcaniclastics. 

Diatreme  facies  kimberlite  is  rare  in  the  BHP-Dia  Met  pipes,  relative  to  South  African 
pipes.  Crosscutting  diatreme  facies  intrusives  represent  separate  kimberlite  magma 
pulses  with  limited  access  to  the  surface  due  to  overlying  crater  deposits.  Diatreme 
facies  kimberlite  grades  into  overlying  crater  deposits  at  some  occurrences,  producing 
pipes  more  akin  to  the  Elawthorne  (1975)  model. 

Hypabyssal  kimberlite  intrudes  overlying  crater  deposits  in  a  number  of  pipes  and 
completely  fills  the  Leslie  pipe.  Only  a  very  restricted  amount  of  diatreme  facies 
kimberlite  has  been  found  at  this  locality.  The  age  of  the  Leslie  kimberlite  is  similar  to 
that  of  nearby  pipes  filled  with  crater  facies  material.  It  is  unlikely  that  the  Leslie  pipe 
has  been  substantially  eroded.  Apparently,  hypabyssal  magma  completely  displaced  the 
pre-existing  pipe  fill  to  a  high  level  in  the  pipe. 
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1)  High  pressure  fluid  fractures  and  blasts 
through  basement  rocks,  removing  host  material 
and  creating  an  open  diatreme. 


3)  Epiclastic  components,  e.g.  wood,  mud,  sand 
and  host  rock  xenoliths,  erode  into  the  pipe  from 
the  rim  deposits.  Mixing  and  interlayering  with 
volcaniclastics  from  (2)  may  occur. 


2)  Pyroclastic  kimberlite,  dominated  by  broken 
olivine  macrocrysts,  pellets,  close-packed 
texture  and  ash  matrix,  fills  the  pipe. 


4)  Hypabyssal  and/or  diatreme  kimberlite 
intrudes  the  volcaniclastics.  In  at  least  one  case, 
hypabyssal  kimberlite  fills  the  entire  pipe. 


NOTE:  Clasts  and  layering  are  diagramatic  only  and  not  to  scale. 
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40Ar/39Ar  Dating  of  yimengite  from  the  Turkey  Well  kimberlite,  Australia: 

The  oldest  and  the  rarest 

Kiviets,  G.B.1,  Phillips,  D.1,  Shee,  S.R.2,  Vercoe  S.C  3,  Barton,  E.S.4,  Smith,  C.B.1  and  Fourie,  L.F.1 

1.  Anglo  American  Research  Laboratories  (Pty)  Ltd,  8  Schonland  Street,  P.O.  Box  106,  Crown  Mines,  2025,  South 
Africa 

2.  Stockdale  Prospecting  Ltd,  60  Wilson  Street,  South  Yarra,  Victoria,  3141,  Australia 

3.  Stockdale  Prospecting  Ltd,,  21  Ballantyne  Road,  Kewdale,  Western  Australia,  6105,  Australia 

4.  Hugh  Allsopp  Laboratory,  Bernard  Price  Institute  of  Geophysical  Research,  University  of  the  Witwatersrand,  Wits 
2050,  Johannesburg,  South  Africa 

Location  and  Regional  Geology 

During  the  past  ten  years  Stockdale  Prospecting  Limited  (SPL),  the  exploration  arm  of  De 
Beers  Consolidated  Mines  in  Australia,  has  found  a  number  of  kimberlites  in  the  Eastern  Goldfields 
of  the  Yilgam  Craton  (Turkey  Well,  Granite  Creek,  Red  Well,  Teutonic  Bore,  Rainbow,  Wilbah, 
Melita  -  see  Figure  1).  The  Turkey  kimberlites  (120°39’07”E,  28°52’33”S)  were  discovered  in 
1991  following  reconnaissance  sampling  on  the  Leonora  l:250000-scale  map  sheet  (SH51-01).  The 
Leonora  area  consists  of  Archaean  granites  and  gneisses,  which  surround  and  intrude  elongate  N- 
NW  trending  greenstones  (Thom  and  Barnes,  1977;  Kriewaldt,  1970).  Together  these  elements 
comprise  the  Norseman-Wiluna  granite-greenstone  belt.  The  granitic  magmatism  occurred  over  the 
period  2.7  Ga  to  2.55  Ga.  Archaean  calc-alkaline  lamprophyre  dykes  (2.66  Ga)  and  Early 
Proterozoic  easterly-trending  dolerite  and  gabbro  dykes  (2.4  Ga)  intrude  the  whole  stratigraphic 
succession.  The  area  is  bounded  in  the  west  by  the  Ida  Lineament  and  in  the  east  by  greenstone 
belts  and  the  Keith-Kilkenny  Lineament. 

Exploration  History  and  Methodology 

The  Leonora  area  was  selected  for  a  diamond  exploration  program  because  it  is  central  to 
the  Yilgam  Craton  and  contains  major  continental  scale  structures.  Some  drainage  existed  to  allow 
for  the  collection  of  stream  samples.  Reconnaissance  stream  and  later  verification  sampling  showed 
the  Turkey  Well,  Granite  Creek  and  Red  Well  areas  to  be  of  particular  interest,  with  the  recovery  of 
kimberlitic  chromites.  In  1991  a  small  outcrop  of  highly  silicified,  hypabyssal-facies  macrocrystic 
kimberlite  was  found  in  the  western  side  of  the  Turkey  Well  loam  grid.  This  was  the  first 
kimberlite  to  be  found  central  to  the  Yilgarn  Craton.  Detailed  mapping  and  drilling  located  several 
small  outcrops  of  kimberlite,  which  have  been  interpreted  to  represent  two  east- west  trending  dykes 
and  a  possible  sill. 

Petrography  and  Indicator  Minerals 

The  kimberlite  is  extensively  weathered,  but  appears  to  contain  relict  olivine  and  phlogopite 
macrocrysts  as  well  as  altered  groundmass  phlogopite  and  pseudomorphs  after  monticellite.  The 
occurrence  is  classified  as  a  hypabyssal-facies  macrocrystic  kimberlite.  Petrographically  it  is  a 
phlogopite-monticellite  (?)  kimberlite.  Chromium-rich  spinel  is  the  main  indicator  mineral  but  rare 
yimengite  and  very  rare  pyrope  garnet  and  picro-ilmenite  are  also  present.  Two  small  (-0.5mm 
+0.3mm)  diamond  fragments  were  recovered  in  drill  samples  from  20-22m  depth  but  no  micro¬ 
diamonds  were  recovered  from  130  kg  of  surface  macrocrystic  kimberlite.  Yimengite 
(K[Cr,Ti,Fe,Mg]i2Oi9),  a  metasomatic  alteration  product  of  chromium  spinel  macrocrysts,  is  a 
Large  Ion  Lithophile  Element  (LILE)  oxide  belonging  to  the  Magnetoplumbite  mineral  group 
(Haggerty,  1991).  It  is  rare  and  is  usually  associated  with  other  metasomatic  minerals  such  as 
phlogopite,  K-richterite,  secondary  diopside,  Mg-chromite,  lindsleyite,  Mg-Cr  ilmenite  and  Nb-Cr 
rutile.  Yimengite  has  previously  been  reported  from  kimberlites  in  Shandong  Province,  China 
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(Dong  Zhenxin  et  al,  1983;  Peng  Zhinzhong  and  Lu  Qi,  1985)  and  from  kimberlites  in  the 
Guaniamo  district,  Venezuela  (Nixon  and  Condliffe,  1989;  Nixon  et  al.,  1992;  Nixon  et  al.,  1994). 
The  Turkey  Well  yimengite  grains  have  typical  compositions  with  ~31wt%  Ti02,  ~35wt%  Cr203, 
17-19wt%  FeO,  3-5wt%  MgO  and  ~4.0wt%  K20. 

Geochronology 

Initial  attempts  to  date  the  Turkey  Well  kimberlites  concentrated  on  Rb-Sr  analyses  of 
phlogopite  macrocrysts.  These  analyses  yielded  an  errorchron  result  of  2184  ±  170  Ma,  with  an 
imprecise,  low  initial  ratio  of  0.66  ±  0.09.  If  an  initial  ratio  of  0.704  is  assumed,  the  age  obtained 
reduces  to  -2100  Ma.  It  was  also  noted  that  the  phlogopite  separates  contained  lower  Rb 
concentrations  than  normally  found  in  kimberlitic  phlogopite,  suggesting  possible  Rb  loss.  Given 
the  imprecision  of  the  Rb-Sr  data,  40Ar/39Ar  laser  probe  analyses  were  carried  out  on  several 
yimengite  grains  recovered  from  the  Turkey  Well  kimberlite.  Step-heating  experiments  on  four 
grains  produced  plateau  ages  of  2196  ±  19  Ma,  2198  ±  16  Ma,  2183  ±  18  Ma  and  2176  ±  19  Ma, 
respectively  (Figure  2).  The  weighted  mean  age  of  2188  ±  11  Ma  is  consistent  with  the  Rb-Sr  data 
and  is  considered  to  represent  a  reliable  estimate  for  the  time  of  emplacement  of  the  Turkey  Well 
kimberlite. 

Conclusions 

The  Turkey  Well  bodies  are  the  First  classical  kimberlites  to  be  found  central  to  the  Yilgarn 
Craton.  The  above  geochrono logical  data  indicate  that  they  are  the  oldest  known  kimberlites  so  far 
dated.  Previously,  the  oldest  known  kimberlites  were  considered  to  be  the  1.6  Ga  Kuruman  bodies 
in  South  Africa  (Shee  et  al.,  1989)  and  possibly  the  1.73  Ga  intrusives  in  Guaniamo,  Venezuela 
(Nixon  et  al.,  1994).  This  study  shows  that  40Ar/39Ar  laser  probe  analyses  on  yimengite  grains  can 
successfully  be  used  to  date  the  emplacement  ages  of  their  host  kimberlites. 
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Figure  1.  Locations  of  kimberlites  and  related  rocks,  Yilgarn  Craton,  Western  Australia. 

1  Nabberu  (SPL),  2  Jewill  (CRA),  3  Bulljah  (WMC),  4  Melrose  Akbar  (WMC,  SPL),  5 
Turkey  Well  (SPL),  6  Granite  Creek  (SPL),  7  Red  Well  (SPL),  8  Teutonic  Bore  (SPL),  9 
Rainbow  (SPL),  10  Wilbah  (SPL),  11  Melita  (SPL),  12  Mt  Weld,  13  Placer  Pacific,  14  Lara 
(WMC,  SPL),  15  Ponton  Creek  /  Cundeelee,  16  Norseman  (SPL). 
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Figure  2.  ^Ar/^Ar  laser  probe  step-heating  spectrum  for  yimengite  grains  from  the  Turkey 
Wells  kimberlite.  Each  rectangle  represents  a  single  analysis  or  temperature  step. 
Temperature  increases  from  left  to  right.  The  length  of  each  bar  indicates  the  proportion  of 
39ArK  released  in  that  step,  while  the  width  represents  1  a  uncertainties  in  the  age. 
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Compositional  trends  of  spinel  and  mica 
in  alkali  minettes,  southern  Alberta,  Canada 

B.A.  Kjarsgaard1 

1.  Geological  Survey  of  Canada,  601  Booth  Street,  Ottawa,  Ontario,  Canada  K1A  0E8 

Strongly  potassic  igneous  rocks  exposed  in  the  Milk  River  (Sweet  Grass)  area  of  southern 
Alberta,  Canada  outcrop  as  hypabyssal  intrusive  rocks  (dykes,  plugs)  as  well  as  extrusive  rocks  (fig. 
1).  Whole-rock  geochemistry,  petrographic  studies  and  mineral  chemistry  demonstrate  that  the  Sweet 
Grass  rocks  are  minette  (Kjarsgaard,  1994).  These  minettes  demarcate  the  northern  extent  of  the 
Montana  alkaline  province.  A  Rb-Sr  phlogopite/ whole-rock  isochron  age  of  50.3  ±  0.5  Ma  reported 
by  Davis  and  Kjarsgaard  (1994)  confirms  an  Eocene  emplacement  age  for  the  Sweet  Grass  minettes 
in  southern  Alberta.  This  age  is  synchronous  with  the  peak  of  magmatic  activity  occurring  in  the 
Montana  alkaline  province  (Missouri  Breaks,  Eagle  Buttes,  Sweet  Grass  Hills  and  the  Bearpaw  and 
Highwood  Mountains)  at  49  -  55  Ma  (Davis  and  Kjarsgaard,  1994). 

The  Sweet  Grass  rocks  in  Alberta  are  subdivided  into  four  types  of  minette:  1.)  alkali  olivine 
minette;  2.)  phlogopite  minette;  3.)  alkali  minette,  and;  4.)  peralkaline  minette.  Coarse  grained  spinel¬ 
bearing  xenoliths  (clinopyroxenite,  phlogopite  clinopyroxenite,  and  glimmerite)  occur  in  minette 
types  1-3.  The  mineralogy  is  similar  to  the  host;  these  xenoliths  are  considered  of  cognate  origin.  In 
all  minettes,  phlogopite  and  clinopyroxene  phenocrysts  are  strongly  zoned,  showing  normal,  reverse 
and  oscillatory  zoning.  In  contrast,  minerals  in  the  cognate  xenoliths  show  minor  or  no 
compositional  zoning.  In  mafic  minettes,  glomerophyric  clusters  comprised  of  Cr-spinel,  olivine  and 
phlogopite  are  common. 

Phlogopite-biotitess  mica,  a  ubiquitous  phase  in  the  Sweet  Grass  minettes  and  associated 
cognate  xenoliths,  exhibits  a  wide  compositional  range.  Microprobe  analyses  of  zoned  mica 
phenocrysts  (core  to  rim)  and  homogeneous  groundmass  crystals  from  minette,  mica  from  cognate 
xenoliths,  and  mica  from  glomerophyric  clusters  are  illustrated  in  figure  2 A,  B.  The  salient  points  to 
be  observed  on  these  two  diagrams  are:  1)  zoning  trends  show  increasing  FeOtotal  and  TiC>2  at 
constant  to  decreasing  AI2Q3;  2)  compositions  of  mica  from  cognate  xenoliths  overlap  those  from  the 
core  and  middle  of  zoned  phenocrysts,  although  AI2O3  contents  are  slightly  higher  in  mica  from 
cognate  xenoliths;  and;  3)  most,  but  not  all  compositions  fall  in  the  known  range  for  micas  from 
minettes  (c.f.  Mitchell  and  Bergman,  1991).  The  trend  of  decreasing  AI2O3  in  the  Sweet  Grass  micas 
is  suggested  here  to  be  typical  of  alkaline  and  peralkaline  minettes;  it  is  also  observed,  but  not  well 
developed  in  other  highly  alkaline  minettes  (e.g.  Bohemian  alkali  minettes;  Mitchell  and  Bergman, 
1991). 

Compositions  of  spinel  in  minettes  and  cognate  xenoliths  are  bimodal:  early,  primitive  high 
pressure  liquidus  Cr-  and  Mg-rich  spinel  in  glimmerite  xenoliths  and  glomerophyric  clusters  in 
minette,  and  late,  fractionated  mid  to  low  pressure  liquidus  Ti-  and  Fe-rich  spinel  in  clinopyroxenite 
xenoliths  and  the  minette  groundmass.  The  variation  in  spinel  chemistry  is  displayed  utilizing  a  plot 
of  Mg#  versus  Ti/Ti  +  Cr  +A1  (the  front  face  of  the  reduced  spinel  prism;  Mitchell,  1986).  Figure  3 
illustrates  the  compositional  trend  of  Cr-,  and  Ti-  and  Fe-rich  spinels  from  the  Sweet  Grass  data  set, 
and  for  comparison,  magmatic  spinel  trends  observed  in  kimberlite,  lamproite,  and  a  variety  of 
ultrabasic  rock  types  (Mitchell,  1986).  The  Sweet  Grass  minette  spinel  trend  is  similar  to  magmatic 
spinel  trend  2.  The  compositional  gap  observed  at  intermediate  Mg#  (fig.  3)  suggests  that  spinel  is 
not  a  liquidus  phase  throughout  the  crystallization  history. 

Major  element  chemistry  of  Cr-spinels  (>50  wt%  CT2O3)  from  the  Sweet  Grass  minettes  are 
shown  on  MgO  -  Cr2(>3  and  Ti02  -  Q2O3  bivariate  plots  (fig.  4A,  B),  and  compared  with  Cr-spinel 
data  from  diamond  inclusions  and  kimberlite-  and  lamproite -derived  spinels.  Note  that  a  subset  of  the 
Sweet  Grass  Cr-spinels  fall  into  the  diamond  inclusion  field  in  MgO  -  Q2O3  space,  but  are  separated 
in  Ti02  -  Q2O3  space.  However,  the  minette-derived  Cr-spinels  fall  into  the  field  of  Cr-spinels 
unique  to  kimberlite  and  lamproite  on  a  Ti02  -  Q2O3  discriminant  diagram. 

Trace  element  chemistry  of  Cr-spinels  from  the  Sweet  Grass  minettes  (Ni  and  Zn,  determined 
by  PIXE  and  EMP)  is  illustrated  in  figure  5.  Note  the  overlap  of  the  Sweet  Grass  Cr-spinel  data 
with  lamproite  phenocryst  Cr-spinels,  diamond  inclusion  Cr-spinels,  and  Cr-spinel  xenocrysts  from 
kimberlite  and  orangeite. 
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The  Sweet  Grass  minette  Cr-spinel  data  illustrate  the  complexity  of  utilizing  spinel  chemistiy 
alone  in  diamond  exploration  programs.  Utilizing  existing  major  or  trace  element  discriminant 
diagrams,  the  Sweet  Grass  Cr-spinels  would  be  interpreted  as  being  derived  from  lamproite  or 
kimberlite,  whereas  they  are  in  fact  minette-derived. 
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Figure  Captions 

Figure  1.  Location  of  the  Sweet  Grass  minettes  in  southern  Alberta,  Canada. 

Figure  2.  Microprobe  analyses  of  mica  from  the  Sweet  Grass  minettes:  A)  AI2O3  versus  Ti02; 

B)  AI2O3  versus  FeOtotal-  Solid  lines  join  analyses  from  zoned  phenocrysts.  Differentiation  trends 
(after  Mitchell,  1986;  Mitchell  and  Bergman,  1991):  M  =  minette;  WK  =  West  Kimberley;  C  = 
Chelima;  S  =  Sisimiut;  LHgm  =  Leucite  Hills  groundmass;  LHai  =  Leucite  Hills  aluminous  biotite. 

Figure  3.  The  front  face  of  the  reduced  spinel  prism,  comparing  the  compositional  trend  of  magmatic 
spinels  from  the  Sweet  Grass  minettes  (this  study)  with  magmatic  spinel  trend  1  and  2  (Mitchell, 
1986). 

Figure  4.  Microprobe  analyses  of  Cr-spinel  from  the  Sweet  Grass  minettes:  A.  MgO  versus  G^Cb; 
B)  Ti(>2  versus  CX2O2  spinel  discrimination  plot  after  Fipke  (1994),  solid  lines  separate:  diamond 
inclusion  spinels  (D.I.)  versus  spinels  unique  to  kimberlite  and  lamproite  (K  +  L)  versus  spinels 
from  the  overlap  field.  Approximately  half  the  Sweet  Grass  minette  Cr-spinels  fall  into  the  field  of 
spinels  suggested  to  be  unique  to  kimberlite  or  lamproite. 

Figure  5.  Comparison  of  Zn  versus  Ni  concentration  for  Sweet  Grass  minette  Cr-spinels  (filled 
diamonds)  with  fields  for  Cr-spinel  from:  diamond  inclusions  (D.I.):  lamproites;  kimberlite  and 
orangeite  (fields  after  Griffin  et  al.,  1994).  Note  that  most  Sweet  Grass  minette  Cr-spinels  fall  in  the 
lamproite  phenocryst  field  and/or  the  kimberlite  plus  orangeite  xenocryst  field. 
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The  partitioning  of  Chromium  between  orthopyroxene  and  spinel  in 
the  system  Mg0-Al203-Si02-Cr203:  implications  for 
geothermobarometry  for  Upper  Mantle  rocks 

Klemme,  S.  and  O’Neill,  H.St.C. 

Research  School  Of  Earth  Sciences,  Australian  National  University,  Canberra,  ACT  0200,  Australia 


Introduction 

The  solubility  of  alumina  in  orthopyroxene  co-existing  with  forsterite  and  spinel  in  the  system  MgO- 
Al203-Si02  (MAS)  may  be  formulated  as  follows  (Gasparik  &  Newton,  1984): 

MgAl204  +  Mg2Si206  =  MgAl2Si06  +  Mg2Si04  (1), 

while  the  solubility  of  alumina  in  orthopyroxene  co-existing  with  garnet  is  given  by: 

Mg3Al2Si3012  =  Mg2Si206  +  MgAl2Si06  (2) 

Equilibrium  (1)  is  widely  used  as  a  geothermometer  in  the  spinel  lherzolite  facies,  while  equation  (2) 
is  the  main  geothermobarometer  for  garnet  lherzolites.  However,  the  application  of  these  equilibria 
to  the  multicomponent  compositions  of  natural  rocks  is  presently  somewhat  uncertain  due  to  our  lack 
of  knowledge  of  the  effects  of  minor  components.  In  particular,  the  replacement  of  A1  by  Cr  in 
orthopyroxene  probably  exerts  a  large  influence.  However,  this  study  investigates  the  influence  of 
Cr  on  reaction  (1)  and  derives  thermodynamic  properties  for  Cr-bearing  orthopyroxene. 


Experiments 

We  have  equilibrated  spinels  with  orthopyroxenes  and  forsterite  in  a  series  of  high-pressure  high- 
temperature  experiments  with  three  different  bulk  compositions  in  the  system  Mg0-Al203-Si02- 
Cr203.  Experiments  were  performed  in  a  conventional  piston-cylinder  apparatus  at  temperatures 
from  1300-1500°C  and  pressures  ranging  from  1  to  4  GPa.  Because  Cr-bearing  mineral 
assemblages  are  known  to  react  sluggishly  under  experimental  conditions,  lengthy  run  times  were 
used  to  ensure  attainment  of  equilibrium.  Two  thermocouples  were  employed  in  our  experiments  to 
check  for  possible  thermocouple  drift  due  to  contamination.  So  far  we  have  failed  to  produce 
satisfactory  results  at  run  temperatures  below  13()()°C. 
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Preliminary  results 

In  addition  to  reaction  (1),  the  equation  between  spinel  and  orthopyroxene  in  the  system  MgO- 
Al203-Si02-Cr203  (MASCr)  may  be  described  by  the  exchange  reaction  of  Cr  and  A1  between 
orthopyroxene  and  spinel. 

MgAl204  +  MgCr2Si06  =  MgCr204  +  MgAl2Si06  (3) 

Preliminary  results  show  that  the  exchange  reaction  (3)  is  found  to  be  pressure  and  temperature 
dependent,  as  illustrated  in  Fig.l.  Experiments  with  a  high  Cr/Cr+Al  bulk  composition  yielded 
orthopyroxenes  that  contained  more  Cr  than  Al,  therefore  we  chose  the  MgCr2Si06  component 
rather  than  the  more  conventional  MgCrAlSi06  component  to  describe  the  exchange  reaction. 


MgC^SiOg  +  MgA^CXq.  =  MgC^Oq  +  MgA^SiOg 
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Fig.l  The  lnKD  of  the  exchange  reaction  between 
orthopyroxene  and  spinel  in  the  system  Mg0-Al203- 
Si02-Cr203,  as  a  function  of  reciprocal  temperature 
and  of  pressure  (shown  inside  squares  [kb]). 


In  order  to  develop  a  thermodynamic  model  for  Cr-bearing  orthopyroxenes,  we  combine  reactions 
(1)  and  (3)  in  both  the  chromium  free  (MAS)  and  the  MASCr  systems.  Inserting  the  correct 
thermodynamic  endmember  properties  (Klemme  and  O’Neill,  1997)  and  the  appropriate  activity 
models  for  the  spinel  solid  solution,  we  are  able  to  extract  thermodynamic  endmember  properties  for 
the  MgCr2Si06  (CrTs)  endmember  and  develop  an  appropriate  activity  model  for  the  orthopyroxene 
solid  solution.  Initial  modelling  results  show  that  an  ideal  mixing  model  for  orthopyroxene 
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combined  with  a  regular  solution  for  spinel  is  in  good  agreement  with  our  experiments  and  with 
experiments  in  the  system  MAS  (Gasparik  and  Newton,  1984). 


Conclusions 

The  influence  of  Chromium  on  Upper  Mantle  phase  relations  must  not  be  underestimated:  Cr 
partitions  mainly  into  the  spinel  phase  but  pyroxenes  can  contain  up  to  2%  (wt.)  of  Cr203. 
However,  the  modal  amount  of  pyroxenes  is  much  higher  than  that  of  spinels  in  normal  lherzolites 
so  that  pyroxenes  accommodate  a  quite  substantial  amount  of  the  bulk  Cr  of  the  whole  rock. 

When  modelling  phase  relations  of  the  Upper  Mantle,  neglecting  the  Cr  content  of  pyroxenes  has  the 
effect  of  overestimating  the  stability  field  of  spinel  relative  to  garnet  or  plagioclase.  This  latter 
transition  exerts  an  important  influence  on  the  major  and  trace  element  composition  of  partial  melts 
of  peridotite. 
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A  Pilot  Study  of  the  Swartruggens  Kimberlite  Dyke  Swarm 

Klump,  J.1,  and  Gurney,  J.J.2 
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2.  Department  of  Geological  Sciences,  University  of  Cape  Town,  Rondebosch  7700,  South  Africa 

Helam  Mine  is  known  for  its  exceptionally  high  grade  of  diamonds  (Mitchell,  1995).  The  diamond 
grade  of  the  kimberlite  dykes  varies  from  more  than  200  ct/100  t  in  the  Main  Dyke,  to  20  ct/100  t  in 
the  Changehouse  Dyke,  down  to  zero  in  the  Muil  Dyke.  A  pilot  study  was  initiated  to  investigate  the 
cause  of  this  large  variation  in  grade.  Special  attention  was  paid  to  petrogenetic  links  between  the 
dykes  and  whether  the  barren  dyke  actually  is  a  kimberlite. 

The  Swartruggens  Kimberlite  Dyke  Swarm  is  situated  approx.  10  km  north  of  the  town  of 
Swartruggens  in  the  North  West  Province,  South  Africa.  It  strikes  in  an  ESE-WNW  direction  with  a 
lateral  extent  of  approx.  6  km  and  a  thickness  of  up  to  1 .5  m.  The  emplacement  of  the  dykes  was 
controlled  by  the  local  jointing  pattern  in  the  country  rock  and  by  a  thrust  fault.  At  the  time  of  this 
study  six  dykes  of  the  Swartruggens  Kimberlite  Dyke  Swarm  were  mined  by  Helam  Mining  (Pty)  Ltd. 

To  understand  the  factors  that  control  the  variations  in  diamond  grade  at  Helam  Mine  the  petrography, 
bulk  rock  composition,  single  grain  composition  and  heavy  mineral  concentrates  of  the  kimberlite 
dykes  were  studied.  The  resulting  data  set  was  then  used  in  major  and  trace-element  modelling.  Garnet 
and  chromite  data  were  analysed  using  discriminant  function  analysis  to  identify  host  assemblages  for 
these  minerals.  The  chemical  composition  of  the  garnets  identifies  them  as  similar  to  lherzolitic, 
eclogitic,  and  peridotitic  garnet  inclusions  (Richardson  et  al.,  1993).  Garnets  from  the  Changehouse 
Dyke  are  similar  in  composition  to  the  Lace  garnet  megacrysts  suite  (Bell  et  al.,  1995). 

Our  data  suggests  that  the  six  kimberlite  dykes  at  Helam  Mine  can  be  grouped  into  three  different  sets 
of  dykes  and  our  petrogenetic  model  links  all  six  dykes  to  a  common  precursor  melt.  The  composition 
of  the  kimberlites  shows  an  evolutionary  trend  from  Group  II  kimberlites  (Main  Dyke)  to  a  magma 
transitional  in  composition  between  kimberlites  and  lamproites  (Clement  and  Skinner,  1985;  Mitchell, 
1995;  Rock,  1991;  Skinner  and  Clement,  1979).  The  members  of  each  set  are  variants  of  each  other 
rather  than  separate,  unrelated  intrusions.  The  dykes  were  intruded  in  three  pulses  and  chemical 
differentiation  occurred  by  fractionation  of  mineral  phases  from  the  melt.  The  first  set  of  dykes  is 
characterized  by  a  high  diamond  grade  and  the  absence  of  garnet  megacrysts.  The  second  set  of  dykes 
is  characterized  by  the  presence  of  garnet  megacrysts  and  a  drop  in  diamond  grade  by  90%  to  20 
ct/100 1.  The  third  set  of  dykes,  the  Muil  Dyke,  is  characterized  by  the  complete  absence  of  any  mantle 
minerals.  This  dyke  has  never  yielded  any  diamonds.  It  constitutes  an  extreme  end-member  of  the 
Group  II  kimberlites. 

The  presence  of  garnet  megacrysts  indicates  that  the  second  and  third  batch  of  magma  were  delayed  in 
their  ascent  for  long  enough  to  allow  the  formation  of  new  garnet  phases  (Hops,  1989).  Thus,  the 
variation  in  diamond  grade  of  the  Swartruggens  Kimberlites  is  controlled  by  secondary  processes 
related  to  magmatic  differentiation  processes  which  took  place  during  the  ascent  of  the  magma.  In  this 
study  we  identified  garnet  megacrysts  as  indicators  for  a  reduced  diamond  grade  in  the  kimberlite 
where  previously  identified  garnet  suites  would  have  indicated  a  higher  grade. 
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An  experimental  investigation  has  been  performed  to  examine  trace  element  re-distribution  during 
garnet-spinel  facies  transformation  that  is  characterized  by  the  reaction, 

olivine  +  garnet  — >  clinopyroxene  (cpx)  +  orthopyroxene  (opx)+  spinel, 
using  minerals  from  natural  peridotite.  We  find  that  the  trace  element  abundance  in  cpx  and  opx 
formed  as  products  of  garnet  breakdown  is  “inherited”  from  the  trace  element  abundance  of  the 
reactant  garnet. 

Evidence  for  trace  element  disequilibrium  is  preserved  in  naturally-occurring  minerals  in 
mantle  rocks,  suggesting  that  the  disequilibrium  trace  element  re-distribution  may  be  a  significant 
process  and  could  be  used  to  infer  the  thermal  history  of  the  mantle  sample.  For  example, 
porphyroclastic  pyroxenes  from  the  Horoman  peridotite,  Japan,  show  compositional  zoning 
consistent  with  a  model  of  pyroxene  growth  that  occurred  along  with  garnet  break  down  (Takazawa 
et  al.,  1996).  Large  variations  in  trace  element  abundance  observed  in  these  pyroxenes  can  be 
modeled  as  the  disequilibrium  trace  element  re-distribution,  and  imply  a  rapid  reaction  rate  for  garnet 
break  down. 

Experiments  were  conducted  using  mixtures  of  olivine  (Fo89. 8),  garnet  (Py72.2Alml5.9 
Gr9.9Uv2.0),  and  clinopyroxene  (Wo45.7En48.9Fs5.4),  hand-picked  from  a  garnet  lherzolite 
xenolith  (TM0)  from  Pali  Aike,  Chile.  This  starting  materials  was  chosen  as  a  representative 
primitive  upper  mantle  (Hart  and  Zindler,  1986).  Experiments  were  performed  at  1360°C,  and  at 
pressures  of  1.8,  2.0,  and  2.4  GPa.  Experiment  duration  was  varied  from  2  to  170  hours  to  obtain 
time-series  data  at  each  pressure.  Progress  of  the  reaction  was  measured  on  a  polished  surface  of  a 
quenched  sample  by  digital  processing  of  back  scattered  electron  images  (BSE)  and  Al,  Mg,  Ca  X- 
ray  images.  Trace  element  concentrations  were  measured  by  ion  microprobe.  Each  ion  microprobe 
beam  crater  was  inspected  by  an  optical  microscope  and  an  electron  microprobe.  This  procedure 
was  necessary  to  exclude  analyses  that  sampled  multiple  phases  due  to  the  small  size  of  reacted 
mineralgrains. 

The  following  textural  and  petrological  observations  are  relevant  for  understanding  the 
redistribution  of  trace  elements  in  opx  and  cpx  of  natural  mantle  rocks.  (1)  The  transformation 
reaction  always  begins  at  olivine-garnet  interface  with  no  grain-size  related  preference  on  reaction 
site,  and  no  reaction  was  observed  within  garnet.  (2)  A  first-order  reaction  model  (i.e.  decay 
equation,  described  in  Avrami,  1940)  adequately  explains  the  time  dependence  of  reaction  progress. 
The  model  predicts  geologicallyfast  completion  of  the  reaction.  Using  the  model,  garnet  to  spinel 
facies  transformation  is  complete  in  4  years  at  2.4  GPa,  1360°C  and  60  hours  at  1.8  GPa  at  1360°C. 
(3)  The  initial  reaction  rate  approaches  zero  at  2.6  to  2.7  GPa,  implying  that  the  garnet  to  spinel 
facies  boundary  for  this  composition  occurs  near  this  pressure.  This  reaction  boundary  has  been 
reported  to  have  a  strong  compositional  dependence  on  Fe  and  Cr  (e.g.  O'Neill,  1981).  This 
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experimental  result  is  the  most  relevant  for  the  naturally-occurring  mantle  subsolidus  reactions, 
because  it  used  natural  starting  materials. 

Trace  element  abundance  measured  in  newly  formed  opx  and  cpx  in  coarse-grained  parts  of 
experimental  charges  demonstrate  that  reactant  phases  inherit  gamet-like  trace  element  abundances. 
For  instance,  opx  and  cpx  grains  have  Ti,  Y,  Sr,  and  Zr  concentrations  (580-1300  ppm,  50-75  ppm, 
0. 9-5.0  ppm,  and  10-30  ppm)  similar  to  original  garnet.  Newly  formed  cpx  shows  a  rare  earth 
element  (REE)  pattern  that  differ  from  the  starting  garnet  and  cpx  (Figure  1).  Finally,  newly  formed 
opx  shows  variation  of  Ti  and  Sr  abundance  that  is  intermediate  between  the  starting  abundance  in 
garnet  and  cpx. 


Figure  1 .  Chondrite  normalized  trace  element  abundance  is  plotted  against 
order  of  compatibility.  Thick  lines  indicates  starting  compositions  and  a 
thin  line  is  for  newly  formed  cpx.  Dark  circles  shows  new  opxs. 

While  inheriting  gamet-like  trace  element  abundance,  trace  element  distribution  between  cpx 
and  opx  is  in  disequilibrium.  For  instance,  Ti  concentration  in  cpx  and  opx  can  not  be  the  same, 
because  cpx/opx  partition  coefficient  for  Ti  is  approximately  3  (e.g.  Kelemen  et  al.,  1993).  The 
results  show  that  Ti  concentrations  in  cpx  (-800  ppm)  and  opx  (-600  ppm)  are  different  by  20%. 
Ti  concentrations  in  cpx  and  opx  are  essentially  the  same.  Therefore,  cpx  and  opx  are  in 
disequilibrium  for  Ti.  Other  trace  elements  such  as  Sr,  Zr,  Y,  and  REE  behave  similarly. 

Despite  the  evidence  of  disequilibrium  distribution  of  trace  elements,  newly  formed  cpx  and 
opx  are  equilibrated  for  major  elements.  The  opx/cpx  thermometer  (Andersen  et  al.,  1993)  based  on 
major  element  composition  accurately  determines  the  experimental  condition  confirming  equilibria 
among  the  newly  formed  phases. 

The  differences  in  diffusivities  between  major  and  trace  elements  may  influence  the 
disequilibrium  re-distribution.  However,  our  results  show  that  disequilibrium  trace  element  re¬ 
distribution  is  not  simply  diffusion  controlled  process.  For  example,  Sr,  La,  and  Ce  are  large  atoms 
and  they  likely  diffuse  slower  than  major  elements  such  as  Mg,  Ca,  and  Si.  Qualitatively,  the 
observations  of  disequilibrium  distribution  of  trace  elements  are  expected.  Nonetheless,  diffusion 
studies  in  cpx  reports  similar  diffusivity  for  Sr  and  Mg-Ca  exchange  at  high  pressure  condition 
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(Brady  and  McCallister,  1983;  Sneeringer  et  al.,  1984).  Then,  when  cpx/opx  thermometer  shows 
the  equilibration,  Sr  should  be  distributed  according  to  the  partition  coefficient.  Our  experimental 
results,  in  contrast,  show  disequilibrium  distribution  of  Sr  and  equilibrium  distribution  of  Ca  since 
the  thermometer  strongly  relies  on  Ca  concentration  of  cpx  and  opx. 

Our  experimental  results  demonstrate  that  disequilibrium  distribution  of  trace  elements  will 
occur  in  opx  and  cpx  reactants  during  the  garnet  breakdown.  In  nature,  time  dependent  processes 
will  operate  to  modify  these  disequilibrium  trace  element  abundances.  Once  crystals  are  formed, 
solid  state  diffusion  will  be  the  primary  mechanism  for  achievement  of  equilibrium.  If  a  spherical 
cpx  is  2  cm  in  diameter,  it  will  take  15  million  years  to  equilibrate  at  conditions  of  2  GPa  and 
1200°C  for  Sr.  If  the  pyroxene  stays  in  the  mantle  for  sufficiently  long  time,  disequilibrium 
distribution  is  not  important.  However,  if  a  piece  of  the  mantle  is  brought  to  the  surface  shortly 
after  garnet  to  spinel  facies  transformation,  opx  and  cpx  can  preserve  a  disequilibrium  distribution  of 
trace  elements. 

This  disequilibrium  trace  element  distribution  may  have  significant  impact  for  mantle 
petrologic  processes.  Often  mantle  rocks  record  trace  element  signals  of  multiple  processes 
including  melting,  metasomatism,  and  subsolidus  reactions.  Our  experimental  result  may  provide 
mechanism  for  modeling  mantle  rocks  with  mineral  compositions  that  are  not  in  equilibrium  between 
phases. 
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Introduction 

Diamonds  recovered  from  the  Great  Lakes  area  are  postulated  by  many  to  be  glacially  transported 
from  the  James  Bay  Lowland.  The  1960’s  work  by  Selco  Mining  Corporation  and  the  Ontario 
Department  of  Mines  led  to  the  detection  of  ‘kimberlitic’  indicator  minerals  in  the  Moose  River 
Basin,  northern  Ontario.  Further  exploration  in  1979  by  Selco  resulted  in  the  discovery  of  a  number 
of  “alnoite-carbonatite”  pipes.  In  1984,  Monopros  Limited,  a  subsidiary  of  De  Beers,  started  a 
regional  sediment  sampling  program  to  the  north-northwest  of  the  Selco  alnoites.  By  1987,  the 
Attawapiskat  kimberlite  cluster  was  found.  The  kimberlites  are  located  near  the  Attawapiskat  River 
in  the  James  Bay  Lowland,  350  km  north  of  Hearst,  100  km  west  of  the  James  Bay  coast. 

General  Geology 

The  Attawapiskat  kimberlites  are  overlain  by  0-3 0m  of  glacial  and  coastal  Holocene  deposits.  The 
kimberlites  intrude  through  Paleozoic  sediments  which,  based  on  regional  data,  may  have  a 
thickness  of  ~250m.  The  uppermost  limestone  sediments  are  the  Silurian  reef  and  bioherm  deposits 
of  the  Attawapiskat  formation.  At  depth  the  limestone  is  underlain  by  mudstone.  The  kimberlites 
are  located  at  the  southern  flank  of  the  Cape  Henrietta  Maria  Arch  which  separates  the  erosional 
remnants  of  two  adjacent  cratonic  basins,  the  Hudson  Bay  Basin  and  the  Moose  River  Basin.  The 
basement  is  part  of  the  Superior  Structural  Province,  the  largest  Archean  craton  in  the  world  (3.1  to 
2.6  Ga.).  The  accretionary  model  of  the  Superior  Province  by  Williams  et  al.  (1992)  suggests  that 
these  pipes  are  located  on  the  oldest  part  of  the  craton  (the  protocraton). 

Exploration 

Between  1984  to  1986,  systematic  regional  stream  sediment  sampling  from  the  Kenogami  River 
north  to  the  Ekwan  River  revealed  a  ‘kimberlitic’  indicator  mineral  suite  comprising  garnet,  chrome 
diopside,  ilmenite  and  spinel.  The  Ekwan  River  was  devoid  of  indicator  minerals  and  provided  a 
good  “cut-off’.  Striking  differences  exist  between  the  composition  of  the  indicator  minerals  from 
this  area  and  from  the  Moose  River  basin.  These  differences  suggested  a  local  source  in  the 
Attawapiskat  River  area.  The  composition  of  the  indicator  minerals  also  imply  that  the  kimberlites 
sampled  material  within  the  diamond  window.  In  1 987,  detailed  sampling  along  the  Attawapiskat 
River  and  its  tributaries  yielded  samples  with  super  abundant  kimberlitic  indicator  mineral  grains 
and  a  number  of  kimberlite  boulders  along  a  10  km  stretch  of  the  river. 

The  boulder  discovery  prompted  an  aeromagnetic  survey  covering  2,900  km2.  The  survey  using 
combined  total  field  and  vertical  magnetic  gradient  measurements  identified  33  targets.  Detailed 
ground  magnetic  surveys  defined  1 6  near  surface  expressions  of  kimberlites  and  1 5  deeply  buried 
basement  features.  Modeling  of  the  magnetic  signatures  gave  sizes  ranging  from  0.4  ha  to  18  ha. 
Fifteen  of  the  near  surface  anomalies  were  normally  polarized  with  a  weak  negative  pole  orientated 
to  the  north.  One  anomaly  had  strong  remnant  magnetization  demonstrating  that  the  kimberlite  was 
emplaced  during  a  period  of  reversal  in  the  earth’s  magnetic  field.  The  magnetic  signatures  for  12  of 
the  anomalies  are  simple  which  suggest  that  each  of  the  pipes  was  formed  by  a  single  event.  The 
signatures  for  4  anomalies  are  complex  and  may  be  formed  by  a  composite  of  separate  kimberlites  . 
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Drilling  in  1988  and  1989  proved  16  kimberlite  pipes.  Results  from  the  drilling  show  that  at  least 
one  of  the  kimberlites  is  complex  (as  predicted  by  magnetics)  containing  two  coalescing  intrusions. 
Three  of  the  15  other  anomalies  modeled  as  basement  features  were  drilled  and  encountered  only 
limestone  to  a  depth  of  200m  from  surface.  Subsequently  in  1995,  2  small  kimberlites  were 
discovered  by  KWG  Resources,  Spider  Resources  and  Ashton  Mining  of  Canada  Inc.  in  the 
northern  part  of  the  cluster.  Over  100  kg  of  core  from  each  of  16  kimberlites  were  analysed  for 
micro-diamonds  and  all  but  one  are  diamondiferous.  Further  evaluation  work  is  under 
consideration. 

Geology  of  the  Kimberlites 

The  Attawapiskat  bodies  are  all  composed  of  macrocrystic  kimberlites  (sensu  stricto,  archetypal) 
with  remarkably  uniform  groundmass  mineralogies  usually  dominated  by  carbonate  ±  serpentine 
together  with  spinel  and  less  common  mica,  perovskite  and  monticellite.  The  carbonate  occurs  as 
lath-like  grains  and/or  in  the  interstitial  base.  Mantle-derived  xenocrysts  other  than  olivine  are 
common,  and  include  ilmenite,  garnet,  chrome  diopside  and  mica  as  well  as  megacrysts  of  chrome 
diopside  and  mica.  Local  country  rock  xenoliths  are  present  but  not  abundant.  Overall  only  minor 
areas  are  termed  kimberlite  breccias.  The  xenoliths  are  dominated  by  varied  types  of  limestone 
derived  from  the  country  rocks.  The  internal  geology  of  most  pipes  is  fairly  simple  but  some 
complex  multi-intrusion  examples  are  present.  These  kimberlites  are  difficult  to  interpret  texturally. 

Two  main  textural  rock  types  are  present.  The  first  type  is  composed  of  matrix  supported  olivines 
set  in  magmatic  groundmasses  with  uniform  to  fine  irregular  segregationary  textures.  These  rocks 
are  thought  to  be  hypabyssal  kimberlites  (HK).  In  contrast,  the  second  type  is  composed  of  olivines 
that  have  clast  supported  textures.  These  rocks  also  have  magmaclastic  textures  (textural 
classification  after  Field  and  Scott  Smith,  this  volume  -  a).  The  dominantly  round  to  ovoid 
magmaclasts  (mostly  <lcm,  up  to  3cm)  have  groundmasses  as  described  above  and  are  set  in  an 
inter-clast  matrix  composed  mainly  of  isotropic  serpentine  ±  carbonate.  The  presence  of  carbonate 
within  the  magmaclasts  and  in  the  inter-clast  matrix  as  well  as  the  paucity  of  country  rock  xenoliths 
are  among  the  features  which  show  that  these  rocks  are  not  classical  tuffisitic  kimberlite  breccias. 
The  magmaclastic  textures  fall  in  the  difficult  area  of  petrographic  textural  overlap  between 
globular  segregationary  hypabyssal  and  pyroclastic  kimberlite  (PK).  Some  of  the  rocks  may  truly 
reflect  these  intermediate  rock  types.  However,  it  is  considered  that  most  of  this  second  type  is  PK. 
Some  of  the  features  which  support  this  conclusion  are: 

1)  the  presence  of  common  single  olivine  grains  (usually  more  abundant  than  the 
magmaclasts);  some  irregular  curvilinear  magmaclasts;  some  quenched  groundmasses  and 
vesicles  within  the  magmaclasts;  a  wide  range  in  magmaclast  size;  sorting  with  coarser  and 
finer  areas  and  in  a  few  instances  better  develop  bedding  (VF-VCK,  Field  and  Scott  Smith 
this  volume);  normal  graded  beds  up  to  l-2m  thick;  overall  horizontal  fabrics;  molding  of 
magmaclasts  against  xenoliths;  concentrations  of  finer  clasts  on  top  of,  but  not  below,  large 
clasts  such  as  xenoliths;  the  variation  in  proportion  of  magmaclasts  within  one  kimberlite 
unit;  and  xenoliths  of  now  eroded  country  rock. 

2)  the  lack  of  any  reaction  between  the  kimberlite  and  the  enclosed  limestone  xenoliths;  and 
kimberlite  selvages  on  the  limestone  xenoliths; 

Some  of  the  above  evidence  and  other  observed  features  suggest  that  the  final  deposition  of  this 
material  was  by  primary  pyroclastic  processes.  Although  this  is  an  impressive  list  of  features,  none 
of  them  are  as  well  developed  as  those  observed  in  some  other  PK  such  as  the  Fort  a  la  Come  pipes 
(Scott  Smith  et  al.,  this  volume).  As  well,  there  are  some  problems  such  as  possible  PK  occurring 
below  HK  (although  the  latter  could  be  younger)  or  PK  occurring  below  possibly  in  situ  limestone. 
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Based  on  the  available  drilling  and  the  above  discussion,  it  is  concluded  that  the  Attawapiskat 
bodies  are  composed  of  both  HK  and  PK  but  it  must  be  noted  that  some  aspects  of  the  geology  of 
these  bodies  are  not  understood.  Single  pipes  are  dominated  by  one  of  two  textural  types;  the  larger 
bodies  usually  by  PK.  The  available  information  for  two  single  pipes  suggests  steep  kimberlite  to 
country  rock  contacts  (>60-75°)  and  in  one  of  these  bodies  with  a  diameter  of  ±3 00m,  kimberlite 
has  been  recovered  down  to  250m.  The  paucity  of  xenoliths  within  the  kimberlite  shows  that  the 
pipes  were  excavated  prior  to  infilling.  It  is  interesting  to  consider  an  emplacement  model  for  the 
Attawapiskat  province  in  the  context  of  Field  and  Scott  Smith  (this  volume  -  b). 

Mantle  Derived  Constituents 

The  Attawapiskat  kimberlites  contain  abundant  ilmenite  and  less  garnet,  chrome  diopside  and 
spinel.  However,  there  are  exceptions;  some  kimberlites  contain  mainly  garnet  and  spinel  with  rare 
ilmenites  while  one  kimberlite  is  garnet  poor.  The  garnets  are  peridotitic  and  fall  along  the 
lherzolite  trend.  Both  G9  and  G10  grains  are  present  but  no  harzburgitic  garnets  with  very  low  CaO 
content  were  encountered.  Compositionally,  the  ilmenites  have  very  high  MgO  and  Cr203  contents, 
and  low  Fe3+/Fe2+  ratios.  The  chromites  include  two  populations  that  are  usually  associated  with 
kimberlites:  one  with  high  Cr203  and  Ti02  contents,  and  the  second  with  moderate  to  high  Cr203 
and  low  Ti02  contents.  A  few  chromites  have  compositions  similar  to  diamond  inclusion  type 
grains  which  together  with  the  presence  of  G10  garnets  indicate  that  the  kimberlites  have  sampled 
within  the  diamond  stability  field.  Trace  element  analyses  on  garnets  suggest  a  37  mW/'m2 
geotherm. 

Geochronology 

Rb/Sr  age  determinations  on  phlogopite  (C.B.  Smith,  University  of  Wit  water  srand)  gave  model 
ages  of  155-170  Ma.  for  3  kimberlites  and  an  emplacement  age  of  156±2  Ma.  for  2  kimberlites. 
U/Pb  age  determinations  on  perovskite  yielded  ages  of  179.9±1.6  and  179.4±2.2  Ma.  (Geospec 
Consultants  Limited,  1997). 

Conclusions 

Stream  sediment  sampling  and  geophysics  proved  to  be  excellent  methods  for  finding  kimberlites  in 
the  James  Bay  Lowland  area  of  northern  Ontario.  Sixteen  kimberlite  pipes  were  found,  15  of  which 
are  diamondiferous  and  evaluation  is  ongoing.  The  geotherm  for  the  area  was  calculated  to  be  37 
mW/m2.  The  kimberlites  were  emplaced  between  180-155  Ma.  The  kimberlites  are  texturally 
difficult  to  interpret  but  are  considered  to  comprise  two  types:  hypabyssal  and  pyroclastic 
kimberlite.  The  absence  of  true  diatreme-facies  kimberlites  is  significant. 
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The  Middle  Jurassic  (172  Ma,  Heaman  et  al.,  1997)  Jericho  kimberlite  is  located  400  km  northeast  of 
Yellowknife  and  3  km  north  of  Contwoyto  Lake.  Mineralogically  the  Jericho  kimberlite  is  a  typical 
non-micaceous  kimberlite  lacking  groundmass  tetraferriphlogopite  (Mitchell,  1995).  Chemically, 
based  on  Ti02,  K20,  Pb  and  Si02  abundances,  the  Jericho  kimberlite  is  classified  as  Group  la. 

Based  on  logging  of  drill  core  the  Jericho  kimberlite  has  been  subdivided  into  3  distinct  phases. 
The  phases  are  numbered  in  terms  of  their  relative  ages.  The  earliest  phase  (Phase  1)  is  hypabyssal 
kimberlite  that  forms  a  precursor  dyke  and  occurs  as  autholiths  in  later  phases  of  kimberlite;  Phases  2 
and  3  formed  later  in  two  diatremes  (Cookenboo,  this  volume).  Each  facies  comprises  kimberlite  that 
is  petrographically  and  chemically  distinctive  (Table  1).  These  petrological  variations  represent  3 
distinct  magmatic  events  that  record  the  chemical  evolution  of  the  Jericho  magma. 

Phase  1  kimberlite  is  a  hypabyssal,  macrocrystal,  calcite  serpentine  kimberlite  characterized  by 
olivine,  phlogopite,  ilmenite,  pyroxene  and  garnet  macrocrysts.  The  groundmass  is  a  mesostasis  of 
anhedral  calcite  and  serpentine  enclosing  euhedral  olivine  and  spinel  microphenocrysts,  euhedral 
skeletal  apatite,  laths  of  phlogopite,  and  euhedral  spinel,  perovskite  and  ilmenite.  Typically  phlogopite 
shows  Ba  enrichment  towards  the  rims.  Aphanitic  chilled  margins  of  Phase  1  kimberlite  demonstrate  a 
groundmass  enriched  in  olivine  microphenocrysts,  apatite,  Ba-phlogopite,  and  opaques  (Spl,  Ilm, 
Per).  Phase  1  kimberlite  hosts  calcite  segregations  of  globular  and  irregular  shape,  rare  autoliths  of 
aphanitic  micaceous  kimberlite  and  autoliths  of  macrocrystal  serpentine  calcite  kimberlite.  The  latter  is 
characterized  by  low  modal  abundances  of  macrocrysts  and  oval  concave  segregations  of  calcite. 

Phase  2  and  Phase  3  comprise  macrocrystal,  serpentine  kimberlite  which  may  have  formed  in  a 
lower  part  of  the  diatreme.  In  Phase  2  kimberlite,  completely  serpentenized  macrocrysts  are  set  in 
matrix  composed  of  serpentine,  secondary  carbonate  and  opaques.  Phase  3  kimberlite  is  characterized 
by  fresh  macrocrysts  in  a  matrix  of  serpentine,  opaques,  late,  euhedral,  rhombic,  zoned  carbonate  and 
mixed-layer  Mg-rich  clay  mineral.  A  diatreme-facies  affinity  for  these  kimberlites  is  supported  by  the 
presence  of  pelletal  lapilli  and  microlitic,  radially-oriented  Ca-Mg  inosilicate  (clinopyroxene? 
actinolite?)  on  the  outer  surfaces  of  macrocrysts,  and  the  absence  of  primary  carbonate  (Scott  Smith, 
1996).  Phase  2  and  Phase  3  kimberlites  contain  autoliths  of  hypabyssal  kimberlite  which  is  identical 
to  Phase  1  kimberlite  except  for  elevated  modes  of  primary  carbonate. 

Selective  sampling  for  geochemical  studies  provided  fresh  specimens  uncontaminated  by  crustal 
xenoliths  and  ilmenite  megacrysts;  the  Crustal  Contamination  Index  is  less  than  1.25  and  the  Ilmenite 
Contamination  Index  is  equal  to  0.21-  0.32.  Based  on  whole  rock  chemical  compositions,  the  Jericho 

kimberlite  appears  relatively  reduced;  Fe203/Fe0  ratio  ~  0.5,  which  is  lower  than  in  South  and  West 
African  kimberlites.  Chemical  compositions  of  Jericho  kimberlite  show  strong  positive  linear 
correlations  between  CaO  and  C02,  and  between  Zr  and  Nb  (Fig.  1).  The  low  Zr  concentrations 
found  in  Jericho  kimberlite  are  unusual  for  an  average  Group  I  kimberlite.  The  high  Nb/Zr  ratio  seen 
in  Jericho  rocks  is  characteristic  of  the  magma  and  is  reminiscent  of  some  micaceous  Australian 
kimberlites  (Fig.  1). 

The  Jericho  facies  are  distinguished  by  P2Os  -  K20  contents  (Fig. 2).  Hypabyssal  kimberlite  of 
Phase  1  and  autoliths  in  Phase  2  and  3  contains  the  highest  amount  of  P205;  Phase  2  and  3  kimberlites 
are  discriminated  by  low  P205  values.  The  autoliths  are  almost  chemically  identical  to  Phase  1 
kimberlite,  but  differ  in  higher  Ca  and  C02  contents.  Phase  2  kimberlite  is  the  most  altered  and 
serpentenized.  It  is  differentiated  by  high  concentrations  of  K2G  and  A1203  which  are  accommodated 
by  secondary  serpentine,  chlorite  and  clay  minerals,  lower  MgO,  higher  Fe203  /  FeO  ratios,  Si02  and 
water  abundances. 
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The  chemical  evolution  of  the  Jericho  magma  is  recorded  via  the  3  separate  magmatic  events  that 
led  to  the  formation  of  the  pipe.  A  temporal  and  chemically  continuous  trend  leads  from  high-Nb  - 
high-Zr  Jericho  magmas  to  magmas  depleted  in  these  elements  (Fig.l).  The  trend  begins  with  chilled 
margins  of  hypabyssal  facies  unique  in  high  Nb  and  Zr,  continues  to  more  fractionated  early 
hypabyssal  kimberlite  found  in  Phase  1  and  in  autoliths,  then  to  later  Phase  2,  and  concludes  with  the 
latest  Phase  3  kimberlite. 

The  Jericho  magma  was  initially  enriched  in  volatiles  (C02,  P205)  and  incompatible  elements 
which  are  commonly  concentrated  in  mafic  alkaline  magmas.  The  earliest  magma  as  recorded  by  the 
chilled  margins  and  kimberlite  autoliths  had  elevated  Ba,  Sr,  Nb,  P,  Zr,  Cr,  Ca  and  C  concentrations 
(Table  1).  The  hypabyssal  precursor  dyke  (Phase  1)  crystallized  with  similar  chemistry,  except  with  a 
lower  Ca  and  C  reflecting  a  lower  proportion  of  primary  calcite.  Subsequent  magmatic  events  let 
volatiles  escape  and  formed  chemically  depleted  kimberlites  that  are  more  fragmental  in  appearance 
and  that  occupy  the  lower  part  of  the  diatreme  zone.  The  first  diatreme  was  filled  with  a  de-gassed 
magma  that  underwent  extensive  serpentinization  (reflected  in  loss  of  MgO  and  increase  in  H20)  due 
to  interaction  with  late  magmatic  hydrous  fluids.  The  formation  of  the  second  diatreme  from  even 
more  chemically  depleted  magma  was  accompanied  by  less  severe  auto-magmatic  serpentinization. 


Fig.  1 


Fig.  2 
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Table  1.  Bulk  chemistry  of  Jericho  kimberlite 


1 

Phase  1 

|  Ph  1  Chilled 

margin 

|  Autoliths  in  Ph  2-3 1 

Phase  2 

Phase  3 

Mean 

Std 

Mean 

Std 

Mean 

Std 

Mean 

Std 

Mean 

Std 

of  18 

Dev. 

of  3 

Dev. 

of  10 

Deviation 

of  10 

Dev. 

of  9 

Dev. 

Si02 

33.04 

1.48 

32.93 

1.09 

30.51 

2.82 

35.25 

2.02 

33.57 

1.58 

Ti02 

0.99 

0.31 

1.02 

0.19 

1.03 

0.15 

0.79 

0.27 

0.77 

0.25 

A1203 

1.78 

0.28 

2.14 

0.10 

2.02 

0.35 

2.76 

0.51 

1.88 

0.42 

Cr203 

0.28 

0.05 

0.36 

0.06 

0.28 

0.04 

0.25 

0.05 

0.27 

0.09 

Fe203 

2.50 

0.55 

2.52 

0.33 

2.93 

0.49 

2.68 

0.26 

2.66 

0.71 

FeO 

5.51 

0.45 

5.23 

0.12 

4.89 

0.46 

4.38 

0.78 

4.72 

0.72 

MnO 

0.16 

0.02 

0.19 

0.02 

0.17 

0.03 

0.13 

0.03 

0.14 

0.02 

MgO 

36.12 

2.08 

34.56 

0.66 

32.91 

3.10 

30.62 

2.23 

34.78 

2.67 

CaO 

6.79 

2.02 

7.78 

0.84 

9.46 

3.34 

6.56 

2.10 

6.64 

2.22 

Na20 

0.12 

0.04 

0.18 

0.03 

0.12 

0.04 

0.16 

0.03 

0.12 

0.09 

K20 

0.16 

0.09 

0.31 

0.09 

0.14 

0.04 

0.62 

0.19 

0.22 

0.20 

p2o5 

0.43 

0.10 

0.83 

0.14 

0.48 

0.12 

0.30 

0.18 

0.24 

0.18 

C02 

4.75 

1.76 

5.17 

0.51 

6.96 

2.58 

4.40 

1.56 

5.03 

1.55 

H20+ 

5.31 

1.16 

5.36 

0.39 

6.19 

1.40 

7.65 

2.00 

6.89 

1.61 

h2o- 

0.88 

0.57 

0.68 

0.13 

1.11 

0.77 

2.05 

1.06 

1.01 

0.40 

LOI 

10.91 

1.24 

10.98 

0.55 

14.12 

2.89 

14.40 

2.18 

12.85 

2.37 

Totals 

99.41 

99.59 

99.60 

99.39 

99.38 

Ba,  ppm 

1637 

576 

2210 

142 

1188 

919 

1173 

665 

1054 

885 

Rb,  ppm 

29 

13 

59 

6 

20 

14 

66 

21 

34 

36 

Sr,  ppm 

577 

226 

823 

145 

373 

274 

413 

171 

326 

270 

Nb,  ppm 

143 

32 

239 

40 

110 

78 

105 

40 

96 

41 

Zr,  ppm 

66 

15 

117 

20 

49 

35 

61 

19 

47 

23 

Y,  ppm 

7 

2 

12 

0 

6 

5 

8 

2 

6 

3 

S,  wt% 

0.09 

0.05 

0.06 

0.01 

0 

0 

0.12 

0.11 

0.17 

0.08 

Pb,  ppm 

6 

4 

11 

1 

4 

3 

6 

3 

6 

7 

Ni,  ppm 

1383 

111 

1217 

126 

936 

678 

1315 

158 

1478 

205 

F,  ppm 

557 

181 

857 

57 

673 

268 

511 

230 

440 

231 

Cont  Index 

0.962 

0.072 

1.002 

0.007 

7.52 

0.44 

1.203 

0.085 

1.014 

0.060 

Ilmenite  Index 

0.241 

0.030 

0.242 

0.016 

0.26 

0.03 

0.240 

0.043 

0.224 

0.024 

Fe203/FeO 

0.458 

0.111 

0.187 

0.015 

0.61 

0.14 

0.622 

0.082 

0.592 

0.255 

Total  volatiles 

11.36 

1.26 

12.04 

0.53 

14.75 

2.97 

14.40 

2.05 

13.17 

2.27 

Mineral  modes  in  kimberlite  groundmass  and  matrices  by  SEM  image  analysis 


Phase  1 

Ph  1  Chilled  Margin 

Phase  2 

Phase  3 

Serpentine 

46-65 

46-59 

97 

55-60 

01  microphenocryst 

9-12 

10-22 

Calcite,  primary 

18-36 

21-24 

Apatite 

0-2 

5-7 

Phlogopite 

0-1 

2 

Spl+Ilm+Per 

2-5 

3-6 

3 

5 

Carbonate,  late  (magnesite  to  calcite) 

may  also  be  present 

11-20 

Late  mixed-layer  Mg-rich 

clay  mineral 

20 
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Upper  mantle  stratigraphy  and  thermal  regime  of  the  north-central 

Slave  Craton,  Canada. 


Kopylova,  M.  G.1,  Russell,  J.  K.1,  Cookenboo,  H.2 

1 .  Geological  Sciences  Division,  Department  of  Earth  and  Ocean  Science,  The  University  of  British  Columbia, 
Vancouver,  Canada,  V6T  1Z4 

2.  Canamera  Geological  Ltd.,  399  Mountain  Highway,  North  Vancouver,  Canada,  V7J  2K9 

Mantle  xenoliths  carried  by  kimberlite  magma  provide  the  only  hard  evidence  of  the  rock  types  that 
constitute  cratonic  roots  and  the  conditions  under  which  they  formed.  Here,  we  present 
comprehensive  petrological  data  for  the  Archean  Slave  craton  (northern  Canada)  based  on  mantle 
xenoliths  from  the  Jericho  kimberlite  pipe.  Our  study  utilizes  more  than  90  xenoliths  sampled  from 
33  drill  holes  and  a  large-tonnage  underground  sample  collected  for  claim  holders  Lytton  Minerals 
Ltd  and  New  Indigo  Resources  Inc. 

The  xenoliths  are  assigned  to  one  of  five  groups  on  the  basis  of  mineralogy  and  texture:  i) 
coarse  peridotite,  ii)  porphyroclastic  peridotite,  iii)  eclogite,  iv)  megacrystalline  pyroxenite,  and  v) 
ilmenite-gamet  wehrhte  and  clinopyroxenite  (Kopylova  et  al.,  in  press).  Coarse  peridotite  and 
eclogite  are  dominated  by  equilibrium  metamorphic  textures,  whereas  porphyroclastic  peridotite, 
pyroxenite  and  ilmenite-bearing  rocks  show  mainly  unequilibrated,  deformed  and/or  magmatic 
textures.  Peridotite  and  pyroxenite  from  the  Jericho  kimberlite  is  mineralogically  and  texturally 
similar  to  that  described  from  other  cratons.  However,  the  ilmenite-gamet  wehrlite-clinopyroxenite 
suite  is  petrographically  distinctive.  They  comprise  abundant  zoned  garnet,  megacrystic  ilmenite, 
variable  proportions  of  olivine  neoblasts  and  clinopyroxene.  This  suite  of  xenoliths  contains  the  best 
textural  and  chemical  evidence  for  melting  and  late  igneous  crystallization  events  among  all  of  the 
mantle-derived  xenoliths.  Megacrystalline  pyroxenite  is  also  characterized  by  magmatic  textures  and 
shows  a  complete  transition  texturally  and  mineralogically,  from  pyroxenite  to  megacrystic 
intergrowths  of  garnet-pyroxene  to  isolated  Cr-poor  megacry sts. 

A  P-T  array  reflecting  the  ambient  paleo-geothermal  regime  was  derived  from  compositions  of 
coexisting  gamet-clinopyroxene-orthopyroxene  (Finnerty  and  Boyd,  1987;  MacGregor,  1974). 
Cores  of  mineral  grains  were  used  in  order  to  circumvent  the  effects  of  compositional  zoning 
observed  in  some  garnet  and  clinopyroxene  grains.  The  results  are  shown  in  the  figure  below. 
Beneath  the  Jericho  pipe,  coarse  peridotite  equilibrated  at  depths  between  45  and  190  km  and  at 
temperatures  from  500°  to  1100°C.  Spinel-garnet  peridotite  is  distributed  between  45-150  km, 
which  is  consistent  with  the  spinel-garnet  transformation  curve  calculated  for  the  average  Jericho 
mineral  chemistry  by  the  O’Neill  (1981)  equation. 
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For  the  deep  lithosphere  (110-190  km)  the  P-T  array  can  be  approximated  by  a  model 
conductive  paleo-geotherm.  Conventionally,  P-T  data  have  been  matched  to  a  series  of  conductive 
geotherms  of  Pollack  and  Chapman  (1977);  using  this  approach  our  data  is  consistent  with  a 
geotherm  with  surface  heat  flow  (Qo)  of  38  mW/m2.  However,  depending  on  the  thickness  and  heat 
producing  properties  of  the  crust,  the  P-T  array  can  be  fitted  to  a  range  of  Qo  values.  To 
accommodate  regionally-specific  characteristics  of  the  crust,  we  elected  to  use  a  modified  approach 
which  infers  thermal  geological  parameters  from  the  mantle  P-T  array.  We  fit  our  P-T  array  to  a 
model  equation  for  a  steady-state  conductive  geotherm  with  an  exponential  decrease  in  heat 
producing  elements  over  a  critical  depth  D  (Lachenbruch,  1968,  Crowley,  1987),  and  solved  for  the 
parameters  Qo  (surface  heat  flow)  and  D.  We  have  used  geologically-constrained  values  of  thermal 
conductivity  (K  =  2.5  W/mK)  and  surface  heat  production  (Ao=  2.16  W/m3).  The  latter  was 
calculated  for  the  14,000  km2  area  around  the  Jericho  pipe  on  the  basis  of  chemistry  of  outcropping 
rocks  weighted  by  their  abundance  (Davis,  1991).  The  optimal  fit  to  the  Jericho  P-T  data  is  a  Qo  of 
53  mW/m2  and  a  D  of  20  km,  which  agrees  well  with  the  only  measurement  of  surface  heat  flow  (50 
mW/m2)  for  the  Slave  craton  (Lewis  and  Wang,  1992). 

The  upper  mantle  beneath  the  north  central  Slave  is  relatively  cold,  as  is  typical  of  cratonic 
environments,  but  it  is  also  associated  with  relatively  high  values  of  surface  heat  flow  due  to  its 
highly  radiogenic  crust.  The  mantle  beneath  the  central  Slave  probed  by  Jericho  and  Grizzly  (Boyd 
and  Canil,  1997)  kimberlites  seem  to  be  colder  than  the  surrounding  mantle  beneath  North  American 
Platform  as  inferred  from  xenolith  P-T  estimates  for  Somerset  Island  (Kjarsgaard  and  Petersen, 
1992),  Kirkland  Lake  (Schulze,  1996)  and  Montana,  Colorado- Wyoming,  and  Kentucky  (Meyer  et 
al.,  1994)  pipes. 

For  depths  greater  than  190  km  the  P-T  array  established  from  Jericho  xenoliths  deviates  from  a 
model  conductive  geotherm  towards  higher  temperatures  and  shows  substantially  higher  geothermal 
gradients.  This  thermal  disturbance  in  the  geotherm  is  commonly  thought  to  be  a  transient, 
kimberlite-related  phenomena  ascribed  to  convection  processes  in  the  magma-bearing  zone  at  the 
lithosphere/asthenosphere  transition  (Boyd,  1987;  Griffin  et  al.,  1996). 

For  orthopyroxene-free  rocks  (eclogite,  wehrlite  and  clinopyroxenite),  equilibrium  temperatures 
were  calculated  by  the  method  of  Ellis  and  Green  (1979);  an  estimate  of  equilibrium  pressure  was 
obtained  by  finding  the  point  of  intersection  between  the  garnet-clinopyroxene  univariant  curve  for 
each  sample  and  a  best-fit  curve  to  the  “peridotite  geotherm”.  Eclogite  samples  record  temperatures 
between  850°  and  1060°C  and  project  onto  the  peridotite  P-T  array  between  125  and  190  km  (see 
right  panel).  Most  samples  of  porphyroclastic  peridotite  derive  from  below  180  km  (1100°  to 
1300°C).  Samples  of  pyroxenite,  megacrysts,  and  ilmenite-garnet  wehrilte  and  clinopyroxenite 
record  higher  temperatures  (1 100°  -  1250°C)  and  have  apparent  source  regions  between  190  and  210 
km. 

Our  results  constrain  the  nature  of  the  Slave  lithosphere  in  several  ways.  Firstly,  in  this  portion 
of  the  Slave  craton,  we  place  the  transition  between  the  petrological  lithosphere  and  asthenosphere  at 
a  depth  of  190  km,  at  -1100°  C.  This  interpretation  is  based  on  the  disappearance  of  coarse 
peridotite,  and  on  the  pronounced  disturbance  in  the  calculated  P-T  array. 

Secondly,  our  results  provide  a  stratigraphy  for  the  lithosphere  and  asthenosphere  underlying  the 
Jericho  pipe  (Fig.  1  middle  panel).  The  lithosphere  itself  comprised  recrystallized  and  texturally 
equilibrated  rocks,  namely  coarse  peridotite  with  eclogite  lenses  and  layers.  In  contrast,  all  rocks 
from  the  deeper  asthenospheric  horizon  (porphyroclastic  peridotite  and  magmatic  rocks)  have 
unequilibrated  textures  with  respect  to  the  deep  mantle  and,  therefore,  are  inferred  to  be  relatively 
young.  The  textures  found  in  samples  of  porphyroclastic  peridotite  attest  to  deformational  events 
essentially  contemporaneous  with  the  intrusion  of  the  kimberlite  magma.  Preserved  magmatic 
textures  in  the  pyroxenite  and  ilmenite-bearing  suite  also  have  not  had  time  to  recrystallize  and 
equilibrate  texturally  under  ambient  deep-mantle  conditions.  The  Jericho  pyroxenite  and  ilmenite- 
garnet  wehrlite-clinopyroxenite  therefore  may  represent  samples  of  crystallized  melts  or  cumulates  of 
asthenospheric  megacryst  magmas.  Fertile  compositions  of  the  Jericho  porphyroclastic  peridotite 
and  megacrysts  and  their  close  association  at  depth  support  a  widely  accepted  hypothesis  that 
porphyroclastic  peridotite  was  metasomatised  and  deformed  by  the  emplacement  of  early  megacryst 
magmas.  Our  observations  provide  spectacular  evidence  for  a  relatively-late  pre-kimberlitic  period  of 
magmatism  and  an  associated  short-lived  thermal  perturbation  within  the  deep  mantle  of  the  Slave 
craton.  It  is  logical  to  suppose  that  the  Jericho  kimberlite  derives  from  this  magmatic  event. 
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In  summary,  we  have  mapped  an  important  petrological  boundary  at  190  km  beneath  the  Jericho 
kimberlite  in  the  north-central  Slave.  The  boundary  separates  lithosphere  from  rocks  which  carry  an 
asthenospheric  signature  and  may  have  been  chemically  and  texturally  modified  by  pre-kimberlitic 
magmatism.  This  boundary  represents  a  substantial  change  in  the  petrology,  structure  and  thermal 
state  of  the  mantle  and  could  account  for  the  major  discontinuity  at  195  km  observed  in  seismic  P- 
wave  velocities  (Bostock,  1997)  and  in  magnetotelluric  data  at  200-250  km  (Jones  and  Ferguson, 
1997)  for  the  SW  Slave  craton. 
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Unique  chemical  features  of  the  peridotitic  mantle  below  the  Jericho 
kimberlite  (Slave  Craton,  Northern  Canada). 

Kopylova,  M.  G.1,  Russell,  J.  K.1,  Cookenboo,  H.2 

1.  Geological  Sciences  Division,  Department  of  Earth  and  Ocean  Science,  The  University  of  British  Columbia, 
Vancouver,  Canada,  V6T  1Z4 

2.  Canamera  Geological  Ltd.,  399  Mountain  Highway,  North  Vancouver,  Canada,  V7J  2K9 

The  varieties  of  upper  mantle  xenoliths  recovered  from  the  Jericho  kimberlite  resemble,  for  the  most 
part,  populations  of  xenoliths  recovered  from  kimberlites  of  other  cratons  in  their  proportions, 
petrography  and  mineralogy.  There  are,  however,  substantive  differences  between  Jericho  peridotitic 
xenoliths  and  kimberlite-derived  peridotites  described  from  other  cratons.  There  are  three  major 
unique  chemical  features  of  Jericho  peridotitic  xenoliths:  i)  an  anomalously  high  proportion  of 
chemically  unequilibrated  samples,  ii)  a  distinct  Cr-enrichment  in  mineral  chemistry  observed  in 
porphyroclastic  peridotite  relative  to  coarse  peridotite,  and  iii)  the  presence  of  a  well-defined  and 
unique  trend  in  compositions  of  pyrope  that  is  less  enriched  in  Cr  relative  to  the  common  “lherzolitic” 
trend.  These  unique  features  of  Jericho  peridotites  suggest  substantive  differences  in  the  character  of 
the  underlying  upper  mantle  relative  to  other  cratonic  mantle. 

Almost  half  of  the  analysed  samples  of  coarse  and  porphyroclastic  peridotite  are  chemically 
unequilibrated;  minerals  show  abundant  between  and  within-grain  chemical  variation.  The  chemical 
variation  is  irregular,  in  that,  individual  grains  show  patchy  zoning,  generally  restricted  to  the  rims, 
and  mineral  chemistry  does  not  always  correlate  with  grain  shape  and  origin  (e.g.,  porphyroclast  vs 
neoblast).  The  most  heterogeneous  minerals  are  clinopyroxene  and  garnet,  the  least  -  olivine.  Garnet 
normally  exhibits  depletion  of  CaO  (1.2  wt%)  and  Cr203  (2.5  wt%)  towards  rims.  There  are  three 
main  zoning  patterns  in  clinopyroxene;  all  show  a  decrease  in  A1203  (0.5-1  wt%)  and  Na^  (0.5- 1.5 
wt%)  rimwards  and  a  corresponding  increase  in  Si02  and  MgO.  Superimposed  on  this  pattern  are 
other  chemical  trends:  (1)  Ca-enrichment  with  Cr-depletion,  (2)  Ca-enrichment  with  little  or  no  Cr- 
enrichment,  and  (3)  Fe-Ti  enrichment.  The  overall  chemical  variations  are:  2-3  wt%  CaO,  0.4-0. 8 
wt%  Cr203,  and  0.2-0. 5  wt%  FeO  and  Ti02.  In  contrast,  orthopyroxene  rarely  demonstrates  zoning  in 
Al,  Cr,  Fe  and  Ca. 

At  least  three  processes  are  required  to  explain  the  observed  chemical  heterogeneity.  Garnet 
growth,  at  the  expense  of  clinopyroxene,  can  account  for  redistribution  of  Ca  and  Al  between  garnet 
and  clinopyroxene  (Sautter  &  Harte,  1988).  Trends  1  and  2  (above)  are  commonly  associated  with 
cooling,  which  is  more  pronounced  in  high-temperature  specimens  (Fig.  1).  In  contrast,  trend  3  (Fe- 
Ti-enrichment)  is  consistent  with  increased  temperature  and  may  derive  from  mantle-melt 
metasomatism  (Harte  et  al.,  1987;  Smith  &  Boyd,  1987  etc.).  Although  trend  3  is  uncommon  in 
Jericho  peridotites,  the  cryptic  signature  of  mantle  metasomatism  (Griffin  et  al.,  1996)  is  evident  in 
high  and  variable  measured  contents  of  Y  (>10  ppm)  and  Zr  (>30  ppm)  in  garnet. 

Porphyroclastic  peridotite  from  Jericho  comprises  minerals  that  are  Cr-rich  or  have  distinct  Cr- 
zoning  patterns  compared  to  undeformed  peridotite.  These  features  of  mineral  chemistry  have  not 
been  described  in  other  suites  of  peridotitic  xenoliths.  Specifically,  olivine  from  porphyroclastic 
peridotite  is  Cr  (0.07  wt%  Cr203)  and  Ca-enriched  (0.04  wt%  CaO).  Similarly,  orthopyroxene 
contains  more  Cr203  (>0.29  wt%)  and  CaO  (>0.47  wt%)  than  orthopyroxene  in  coarse  peridotite. 

Average  concentrations  of  Cr203  in  garnet  are  higher:  7.70  ±  2.02  (2a)  wt%  in  porphyroclastic 

samples  vs  4.17  ±  1.26  wt  %  in  coarse  peridotite.  Clinopyroxene  in  porphyroclastic  rocks  is  not 
significantly  Cr-enriched  relative  to  coarse  peridiotite.  However,  the  only  zoning  pattern  which 
involves  Cr-enrichment  (trend  2)  is  most-prevalent  in  clinopyroxene  from  sheared  peridotite. 

Two  alternative  explanations  can  account  for  the  above  characteristics  of  Jericho 
porphyroclastic  peridotite.  The  relative  Cr-enrichment  of  these  minerals  could  be  an  inherent  primary 
feature  associated  with  the  absence  of  spinel  and  perhaps  related  to  their  deep  origin.  Conversely,  the 
high-Cr  character  of  minerals  from  porphyroclastic  xenoliths  may  derive  from  a  secondary  process 
linked  to  deformation.  The  latter  explanation  is  suggested  by  the  fact  that  some  clinopyroxene 
neoblasts  and  porphyroclast  rims  show  Cr-enrichment  and  by  the  presence,  albeit  rare,  of  olivine 
porphyroclasts  that  have  retained  their  early  chemistry  depleted  in  Cr  and  Ca. 
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for  a  fixed  value  of  Mg#  (Opx)=92,  which  is  mean  for  Opx  in  Jericho  peridotite  (Mg#  =  91-93.5). 
Arrows  join  compositions  of  mineral  cores  to  rims,  or  porphyroclasts  to  neoblasts. 


Garnet  from  Jericho  xenoliths  define  an  exotic  trend  in  Cr  and  Ca  content  (Fig.  2).  The  trend 
shows  less  Cr-enrichment  relative  to  the  “lherzolitic”  trend  common  to  pyrope  from  cratonic  mantle. 
The  exotic  trend  is  observed  in  garnet  from  the  Jericho  heavy  mineral  concentrate  and  spinel-garnet 
peridotite  and  in  concentrate  garnet  from  the  nearby  Ranch  Lake  pipe  (Cookenboo,  1996).  The  trend 
is  ascribed  to  equilibration  of  garnet  with  a  lherzolitic  mineral  assemblage  that  includes  spinel.  This  is 
borne  out  by  the  fact  that  only  garnet  compositions  from  spinel-bearing  garnet  peridotite  plot  along 
this  trend;  all  garnet  compositions  from  spinel-absent  peridotites  plot  on  the  “lherzolitic”  trend.  The 
rarity  of  this  trend  in  pyrope  compositions  from  other  kimberlite  bodies  or  from  other  suites  of  spinel- 
garnet  peridotite  xenoliths  suggests  that  the  presence  of  modal  spinel  alone,  is  insufficient  to  produce 
the  “spinel-garnet  equilibrium”  trend.  It  appears  that  there  is  another,  as  of  yet,  unknown  factor 
contributing  to  spinel-garnet  equilibration.  Equilibration  with  spinel  affected  not  only  garnet,  but  also 
clinopyroxene,  which  shows  a  negative  Mg-Cr  correlation  in  Jericho  spinel-garnet  peridotite.  A  trend 
similar  to  the  “spinel-garnet  equilibrium”  trend  was  reported  for  some  spinel-garnet  nodules  from 
South  Africa  (Smith  and  Boyd,  1992)  and  was  produced  experimentally  for  natural  lherzolite 
compositions  between  900  and  1200  °C  and  3.3  -  6  Gpa  (Brey  et  al.,  1990;  Brey,  1991). 
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The  garnet  of  diamond  association  in  lamprophires  from  the  Anabar  massif. 

V.  P.  Kornilova,  A.  F.  Safronov,  N.  D.  Philipov,  A.  I.  Zayzev 

Yakutian  Institute  of  Geological  Sciences,  Sibirian  Branch,  Russian  Academy  of  Sciences. 

Prospecting  works  carried  out  in  Proterozoik  limestones  in  the  southeastern  part  of  the 
Anabar  massif  reveal  pipes  and  dykes  of  alkali-ultrabasic  rocks  with  high-Cr,  low-Ca  garnets 
in  one  of  them  (the  Olobw-6  pipe).  The  rocks  from  this  pipe  differ  in  features  from  kimberlites 
and  are  compatible  with  mica-pyroxene  picrites. 

The  rock  texture  is  fine-  and  mediumporphyritic  with  individual  large  (up  to  10-20  mm) 
segregations  of  olivine  grains,  frequently  serpentinized.  Xenogenic  material  is  absent.  Insets 
account  for  about  50%  of  the  rock  volume.  These  are  olivine  and  rare  phlogopite  and  ilmenite. 
The  groundmass  is  composed  of  phlogopite  (20-30%),  ore  minerals  (10%),  apatite  (1%), 
varying  amounts  of  clinopyroxene  (1-10%),  as  well  as  serpentine  and  carbonate  (no  more  than 
10-15%  in  total).  Clinopyroxene  is  frequently  carbonatized.  Ore  minerals  include  are 
titanium-bearing  ferrispinel,  perovskite,  ilmenite, and  small  amounts  of  sulfides.  Perovskite  is 
the  most  abundant  mineral.  Ferrispinel  and  perovskite  occurs  both  as  unaltered  and 
completely  decayed  grains.  Decomposition  products  of  perovskite  are  irregular  small 
carbonate  crystals  intermixed  with  equidimensional  accumulations  of  titanium  oxides.  The 
latter  may  include  irregular  grains  of  ilmenite.  Sulfide  minerals  are  reprezented  by  pyrite  and 
chalcopyrite. 

Olivine  contains  9.5  -  16.6  mol.%  Fa  and  up  to  0.15  wt.%  CaO.  Phlogopite  insets  are 
chloritized,  so  we  failed  to  make  reprezentative  analyses.  Phlogopite  of  the  groundmass  is  rich 
in  Ti  (  3. 3-3. 5  wt%  TiO).  The  Fe/(Mg+Fe)  is  no  more  than  0.176.  Clinopyroxene  occurs  as 
diopside.  A  characteristic  feature  of  diopside  is  a  high  content  of  sodium  oxide  (up  to  1.3- 1.4 
wt.%)  in  individual  grains.  Ferrispinel  of  the  diopside  is  a  groundmass  is  represented  by 
titanomagnetite,  sometimes  high-Cr  (13.2  wt%  CnCb)  and  low-Al  (no  more  than  0.9  wt% 
AI2O3)  in  content.  Ilmenite  is  compatible  in  composition  with  Mn-bearing  crichtonite. 
Concentrations  of  MgO  do  not  exceed  1.5  wt.%  and  that  of  MnO  vary  in  the  range  of  0.4  to 

I. 5  wt.%.  Perovskites  are  poor  in  REE.  Carbonate  occurs  as  ankerite  containing  up  to  6.4 
wt.%  FeO.  14.7wt.%  MgO,  and  28.8  wt.%  CaO. 

Heavy  fractions  of  samples  contain  chromous  pyrope  ,almandine,  picroilmenite,  and  ilmenite. 
Chromite  is  absent.  FeO,  Cr203  and  CaO  contents  of  Cr-pyropes  are  5.9  to  12.9  wt.%,  0.2  to 

I I. 4  wt.%  and  4.2  to  7.0  wt.%,  resprectively.  Five  of  106  garnet  grains  analyzed  represent  the 
diamond-association  garnets. 

Picroilmenite  has  a  composition  typical  of  kimberlite  rocks.  A  distinctive  feature  is  a  low 
concentration  of  Cn03(no  more  than  0.5  wt.%  for  most  grains).  Ilmenite  is  compositionally 
similar  to  ilmenites  of  groundmass. 

Concentrations  of  TiC>2,  AI2O3,  and  alkalies  are  high  in  the  rocks. 

The  age  of  three  rock  spesiments  is  estimated  at  206  to  228  m.y.  by  the  Rb-Sr  method.  Values 
of  the  Sr  isotope  ratio  vary  from  0.7034  to  0.7048  which  is  probobly  due  to  secondary 
alteration  of  rocks. 

The  above  rocks  differ  from  kimberlite  by  a  number  of  features.  These  are  crichtonitic 
composition  of  ilmenite  and  ankeritic  composition  of  carbonate  of  the  groundmass.  The 
studied  rocks  also  contain  diamond-association  garnets  of ,  which  makes  them  different  from 
the  rocks  of  the  adjacent  kimberlite  fields  (Kuranakh,  Luchakan  and  Dyuken  fields).  We  have 
previously  studied  compositions  of  garnets  from  20  kimberlite  bodies  of  these  fields.  Only 
some  of  the  bodies(  Pozdnyaya-2  kimberlite  pipe,  Luchakan  field)  and  alnoite-like  rock  from 
one  of  the  dykes  within  the  Anabar  massif  contain  comparable  amounts  of  garnets  of  this 
paragenesis. 
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Thus,  the  presence  of  diamond-association  garnets  in  the  lamprophyres  of  the  Anabar  massif 
suggest  they  contain  diamonds.  It  is  quite  possible  that  such  rocks  are  sources  of  diamond 
placers  in  the  north  of  the  Yakutian  province. 
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(Fe-monticellite)  in  kimberlites 
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First  discovery  of  Mg-kirschsteinite  was  made  in  the  melilite  nephelinite  from  Congo.  This 
mineral  associates  with  pyroxene,  melilite,  kalsilite,  sodalite,  perovskite,  apatite  and  other  minerals 
(Sahama,  Hytonen,  1957).  Kirschsteinite  from  Congo  contains  69.4  mole  %  CaFeSi04,  22.6  mole  % 
CaMgSi04  and  4.3  mole  %  CaMnSi04.  Kirschsteinite  was  later  found  (Konev  et  al,  1970)  in 
carbonate  skam  of  the  Tajeran  area  (Irkutsk  region).  It  contained  47.8  mole  %  CaMgSi04,  48.5 
mole  %  CaFeSi04,  3.7  mole  %  CaMnSi04.  Ferromonticellite  is  also  found  (Sokolov,  Sidorenko, 
1997)  in  carbonatites;  it  contains  up  to  39.8  mole  %  CaFeSi04.  It  has  been  known  (Nikishov,  1984; 
Egorov,  Bogdanov,  1991;  Mitchell,  1986),  that  monticellite  in  kimberlite  rocks  is  the  one  of  the 
most  prevalent  minerals  of  mesostasis  showing  variable  composition  when  the  content  of 
kirschsteinite  minal  (CaFeSi04)  ranges  from  5  to  20  %. 

Kirschsteinite  was  detected  by  micro-probe  analysis  of  mineral  composition  of  the 
kimberlite  heavy  fraction  in  the  Beta  pipe(North  of  Yakutian  kimberlite  province,  Ari-Mastahsk 
field).  In  this  pipe  the  fine-porphyry  kimberlite  with  massive  texture  shows  the  following  chemical 
composition  (in  wt%):  Si02  32.64-33.87;  MgO  20.95-23.69;  CaO  6. 7-7. 2;  very  high  contents  of 
total  iron  (FeO+Fe2C>3  15.5-17.6),  TiCE  (4. 7-5.4);  heightened  contents  of  alkalis  (K2O  1.32-1.8, 
Na20  0.42-0.44),  P2O5  1.05-1.18;  very  low  C02  0.55-0.8.  Specific  features  of  mineralogical 
composition  are  reflected  in  wide  variations  of  olivine  composition  (8.5-15.5%  FeO),  and  the 
presence  of  Ti-magnetite,  perovskite,  apatite  and  clinopyroxene  in  the  groundmass.  Ilmenite  occurs 
infrequently  and  displays  low  (1-1.2%)  abundance  of  MgO.  Magnesian  ilmenite  occurs  very 
infrequently. 

Kirschsteinite  is  in  a  close  association  with  perovskite  and  apatite  and  jointly  with  these 
minerals  it  commonly  produced  reaction  zones  around  spinellide  grains  or  forms  polymineral 
inclusions  in  these  grains.  Much  more  seldom  (only  one  grain  has  been  found)  kirschsteinite  forms 
an  independent  phase. 

The  mineral  composition  was  analyzed  by  the  electron-microprobe  device  JCXA-733  at  the 
Institute  of  Geochemistry,  Irkutsk.  Table  1  yields  the  results  of  the  most  representative  analyses. 


Representative  Compositions  of  kirschsteinites  from  the  pipe  Beta 


Bt-33-2 

Bt-68-1 

Bt-68-2 

Bt-77-1 

Bt-91 

Bt-98-1 

Bt-98-2 

Bt-110 

Si02 

36.43 

35.34 

31.97 

35.42 

32.16 

36.16 

35.51 

23.22 

Ti02 

0.29 

1.22 

9.14 

1.74 

6.35 

0.65 

1.73 

21.86 

A1203 

4.86 

1.29 

0.60 

3.16 

1.38 

2.37 

1.86 

0.75 

Cr203 

0.09 

0.04 

0.04 

0 

0.08 

0.03 

0.05 

0.01 

FeO 

22.04 

26.30 

19.41 

23.86 

24.68 

25.56 

25.35 

18.87 

MgO 

0.43 

0.87 

1.38 

1.29 

1.02 

0.76 

1.32 

1.69 

CaO 

35.00 

35.61 

36.12 

35.58 

35.02 

35.80 

35.44 

33.67 

Total 

99.14 

100.67 

98.66 

101.05 

100.69 

101.33 

101.26 

100.07 

Structural  formulas  based  on  3  cations 


Si 

1.05 

1.07 

0.99 

1.06 

0.98 

1.08 

1.06 

0.73 

Ti 

0.01 

0.03 

0.21 

0.04 

0.15 

0.01 

0.04 

0.52 

Al 

0.17 

0.05 

0.02 

0.11 

0.05 

0.08 

0.07 

0.03 
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Fe+2 

0.53 

0.66 

0.50 

0.60 

0.63 

0.64 

0.63 

0.50 

Mg 

0.02 

0.04 

0.06 

0.06 

0.05 

0.03 

0.06 

0.08 

Ca 

1.08 

1.15 

1.20 

1.14 

1.15 

1.15 

1.14 

1.14 

The  descriptions  of  the  most  interesting  paragenetic  interrelations  of  this  mineral  with  other 
minerals  are  briefly  provided  below. 

Sample  Bt-33.  Subidiomorphic  grain  of  zonal  heterogeneous  spinel  (dimensions  500  x  450 
mkm)  in  the  center  consist  of  chrome  spinellide  (C^Ch  43.6-58%),  on  the  periphery  (the  zone  is 
10-50  mkm  wide)  it  is  Ti-magnetite,  is  surrounded  by  a  discontinuous  reaction  rim,  made  up  of 
kirschsteinite  50  x  50  and  100  x  30  mkm  and  perovskite  plates  (50  x  50  mkm). 

Sample  Bt-68.  Subidiomorphic  grain  with  rectangular  section  (450  x  300  mkm),  totally  built 
of  kirschsteinite  saturated  with  inclusions  of  idiomorphic  and  subidiomorphic  apatite  crystals 
(30615,  120620  mkm).  Kirschsteinite  shows  varying  contents  of  Ti02,  AI2O3.  The  peripheral  rim  is 
significantly  enriched  in  titanium  but  is  improverished  in  alumina. 

Sample  Bt-77.  Subidiomorphic  rounded  grain  of  Ti-magnetite  (430  x  400  mkm)  containing 
elongated  idiomorphic  crystalline  inclusions  of  apatite,  kirschsteinite,  partly  serpentized,  as  well  as 
intergrowths  of  these  minerals.  The  marginal  zone  of  Ti-magnetite  is  richer  in  inclusions.  One  of 
kirschsteinite  inclusions  exibits  a  clear  crystallographic  cut.  In  different  inclusions  Ti02  of 
kirschsteinite  varies  from  1.7  up  to  7.4  %. 

Sample  Bt-91.  A  fragment  with  rounded  outlines  of  chrome  spinellide  (300x300  mkm) 
(Cr203  37.23%)  with  two-zoned  rim  retained  only  on  one  grain  side.  An  internal  narrow  zone  5-10 
mkm  wide  consist  of  Ti-magnetite,  the  external  zone  10-20  mkm  is  two-phased  from  kirschsteinite 
and  perovskite.  Kirschsteinite  has  heightened  contents  of  TiC>2  (6.35-10.97%)  and  relatively  low 
AI2O3. 

Sample  Bt-98.  A  fragment  of  grain  with  irregular  angular  shape  (350  x  200  mkm)  basically 
looks  as  an  intergrowth  of  kirschsteinite  and  apatite.  The  central  part  of  grain  retained  the  relic  of 
spinel  which  is  chromous  Ti-magnetite.  It  is  assumed  that  spinel  can  be  of  paragenic  genesis.  The 
Ti02  abundance  in  kirschsteinite  varies  from  0.65  up  to  8.38%. 

Sample  Bt-110.  Crystal  of  Ti-magnetite  (TiC>2  -  7.1%,  MgO  -  5.4%)  of  right-angled  cut  (500 
x  350  mkm)  contains  the  net  of  numerous  sites  composed  of  kirschsteinite,  F-apatite,  perovskite  and 
phlogopite  and  having  right-angled  outlines.  The  grains  of  kirschsteinite  and  apatite  are  intergrown 
by  the  thin  plates  of  phlogopite  (20  x  1-5  mkm).  The  kirschsteinite  has  uncommonly  high  TiCb 
content  (up  to  21.86%)  and  its  identification  is  often  the  point  of  doubt.  The  paragenic  perovskite 
contains  noticeable  amounts  of  Si02  (4.5-5.53%),  Na20  (1.07-1.15%).  Phlogopite  contains  about 
2%  of  F-apatite  and  perovskite,  about  1%  Sr. 

The  common  feature  in  the  occurrence  of  kirschsteinite  is  their  inhomogeneity  and  constant 
association  with  apatite  or  perovskite  or  with  both  minerals  at  once.  Considering  paragenesis  and 
relationships  with  other  minerals,  the  mineral  under  study  refers  to  the  late  stage  of  mineral 
formation  and  is  the  late  magmatic  or  even  reactional  post-magmatic  mineral.  Assuming  that  the 
mineral  refers  to  the  monticellite  group,  the  calculation  was  made  for  atomic  quantities  (for  3 
cations).  As  evident  from  table,  such  calculations  always  result  in  a  marked  deficit  in  the  position  of 
Fe,  Mg  which  is  impossible  to  make  up  for  transfer  to  this  position  of  such  elements  as,  Ti,  A1  and 
part  of  Ca.  Note  that  fairly  high  contents  of  Ti  and  A1  observed  in  majority  of  analyses  were  not 
known  before  neither  in  monticellite  nor  kirschsteinites.  This  arises  doubt  about  the  correctness  of 
mineral  identification.  The  authors  hope  to  remove  this  generalization  after  X-ray-structural  analysis 
is  made.  The  study  may  lead  to  a  possible  discovery  of  a  new  mineral.  However  this  is  the  point  of 
question. 
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Fig.  1  Correlation  between  Si02  and  Ti02  in  the  kirschsteinites.  Different  symbols  correspond  t( 
different  grains  of  host  minerals;  the  same  symbols  correspond  to  different  grains  of  kirschsteinite  fron 
the  same  grain  of  host  mineral. 

Fig.  2  Correlation  between  Ti02  and  MgO  in  the  kirschsteinites. 
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Kostrovitsky1  S.I.,  de  Bruin2,  D. 

1-  Institute  of  Geochemistry  of  Siberian  Branch,  Irkutsk,  664033  Russia 

2-  Geological  Survey  of  South  Africa,  private  Bag  X  1 12,  Pretoria,  South  Africa,  0001 


Diamond-bearing  kimberlite  fields  of  Yakutian  province  are  mainly  basaltoid  type  of 
kimberlite  group  1,  characterizing  by  a  low  alkalinity  (  K20  content  <  1).  The  exceptions  are  some 
pipes,  located  in  the  north  and  south  margins  of  the  Daldyn  field.  These  are  Zagadochnaya,  Kusov 
(south  cluster),  Buko vinskaya,  Gomyatskaya  pipes,  D-57  anomaly  (  north  cluster).  The  kimberlites 
of  these  pipes  are  marked  by  a  low  ferric  oxides  content,  relatively  high  alkalinity  (K20  content  > 
1%).  In  addition  to  olivine  (  pseudomorphs  of  carbonate-serpentine  composition)  the  kimberlite 
contains  phenocrysts  of  phlogopite  and  chromdiopside.  A  heavy  fraction  consists  mainly  of  garnet, 
clinopyroxene  and  spinelids.  The  above  pipes  are  unique  in  terms  of  a  composition  of  deep 
inclusions,  which  are  disthen  eclogites  and  grospydites  (Sobolev,  1974).  From  our  and  literature 
data  (  Sobolev,  1974:  Egorov  et.al.,  1991)  the  ultramafic  association  of  mantle  xenoliths  is  not 
found.  In  this  connection  a  significant  amount  of  red-violet  and  crimson  garnet  of  ultramafic 
paragenesis  present  in  a  heavy  fraction  in  addition  to  the  orange-red  garnet  of  eclogite  paragenesis, 
is  of  great  interest.  Pyrope  grains  are  of  a  round,  angular-round  shape,  but  relics  of  crystallographic 
shape  can  in  cases  be  found.  Sometimes,  the  garnets  contain  crystallic  inclusions,  which  belong  to 
two  associations  -  1)  primary,  including  chromdiopside,  chromspinelid;  2)  secondary,  which  is 
usually  confined  to  fractures  in  the  garnet  matrix  and  represented  by  amphiboles,  aluminiferous 
spinel,  titanium-magnetite  and  phlogopite.  This  contribution  considers  only  primary  mineral 
associations.  Both  single  mineral  and  polymineral  inclusions  are  found.  Some  garnet  grains 
contain  a  great  number  of  chromdiopside  and  cromspinelid  inclusions.  It  provides  an  imitation  of 
rock  fragments.  The  chromdiopside  as  elongated  grains  of  irregular  flattened  shape  is  usually  found 
in  the  periphery  pyrope  zone,  in  cases  it  forms  the  discontinuous  cover  around  pyrope  grains. 
Spinelid  inclusions  are  characterized  by  a  greater  idiomorphism  as  opposed  to  clinopyroxenes.  They 
are  round,  in  cases  irregular.  The  inclusions  with  octahedron  sides  and  smoothed  edges  can  be 
observed. 

The  compositions  of  representative  garnet  collection  as  well  as  inclusions,  which  are 
contained  in  garnets  have  been  studied.  The  analyses  were  done  on  an  electron  microprobe. 

Garnets  by  the  classification  of  Dawson,  Stephens  (  Dawson,  Stephens,  1975)  belong 
mainly  to  9  and  partly  12  groups  and  are  mainly  of  lherzolite  paragenesis.  When  Cr203  and  CaO 
contents  vary  in  a  wide  range  (1.33-9.57  and  1.86-10.99  wt%),  garnets  are  marked  by  a  relatively 
constant  MgO  and  FeO  contents.  In  minals  the  garnet  composition  variations  due  to  the  decrease  of 
knorringite  and  uvarovite  minals  under  a  corresponding  growth  of  pyrope  minal.  The  majority  of 
studied  garnet  grains  turned  out  to  have  inhomogenous  composition.  The  garnet  zonal  patterns  is 
expressed  in  a  decrease  of  Cr203  and  CaO  contents,  which  is  directed  to  the  grain  periphery.  Despite 
a  common  similarity  of  trends,  garnets  from  different  pipes  differ  in  features  of  oxide  distribution 
and  average  composition  characteristics.  So,  trends  of  garnet  composition  in  the  triangle  coordinates 
Ca-Fe-Mg  for  the  Zagadochnaya  and  Kusov  pipes  turned  out  to  be  displaced  towards  a  higher  iron 
content  as  opposed  to  the  garnets  from  Bukovinskaya  and  Gomyatskaya  pipes.  On  the  other  hand, 
distinctive  difference  is  available  between  the  garnets  of  two  neighboring  pipes  (Zagadochnaya  and 
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Kusov).This  difference  is  in  a  maximum  content  of  zonal  garnets  of  the  first  pipe  and  a  relatively 
small  variations  of  Cr203  and  CaO  contents  in  the  second  pipe. 

Clinopyroxenes  from  the  inclusions  in  garnets  belong  to  the  ureyite  diopsides  (Stephens, 
Dawson,  1977),  showing  a  significant  variations  of  almost  all  oxides  and  primarily  such  as  Cr203, 
A1203  and  Na20  (  1,13-5.19;  0.46-5.52;  1.0-6.17  mass  %,  correspondingly).  Pyroxenes  are  marked 
by  high  Mg/(Mg+Fe)  and  Ca/(Ca+Mg)  values,  varying  in  ranges  87.71-95.31;  45.53-50.77, 
correspondingly.  The  latter  values  indicate  relatively  low  temperature  (  nearly  800-1000C  by 
Finnerty,  Boyd,  1984)  of  clinopyroxene  crystallization.  The  variation  of  composition  of  different 
inclusions  within  one  garnet  is  not  available  or  insignificant.  Distinctive  features  of  diopside 
composition  distribution  are  found  in  different  pipes.  For  instance,  mainly  high-temperature 
diopside  varieties  with  the  increased  Cr203,  A1203  and  Na20  contents  are  found  in  Zagadocnaya 
pipe,  while  in  Kusov  pipe  low-temperature  varieties  are  predominant.  A  direct  correlation  of 
composition  of  clinopyroxenes  and  co-existing  garnets  is  observed.  There  is  a  markedly  high 
correlation  from  Cr/(Cr+Al)  ratio. 

Chromshpinelids.  Judging  from  a  two-peak  histogram  of  spinel  composition  distributions 
two  groups  are  revealed:  1)  high-chromous  (  Cr203  =  50-61.6%  )  and  2)  aluminiferous  (Cr203  =  20- 
47.7%).  A  higher  correlation  of  compositions  between  spinelids  of  group  I  (  as  opposed  to  group  2) 
and  the  co-existing  garnets  and  in  particular  clinopyroxenes,  is  observed.  Within  one  garnet  grain 
spinelids  either  preserve  a  constant  composition  or  ( in  rare  cases)  insignificantly  change  from  Cr/Al 
ratio.  The  heightened  content  of  magnetite  minal  (  mainly  within  7-15%  range)  is  common  to  both 
spinelids  of  group  1  and  group  2.  It  indicates  comparatively  oxidizing  conditions  of  crystallization. 

Discussion.  A  significative  feature  of  composition  for  the  majority  of  garnet  phenocrysts 
and  containing  inclusions  is  their  inhomogeneity,  suggesting  the  non-equilibrium  of  crystallization 
conditions.  On  the  whole,  zonal  garnets  are  scarce,  however  in  some  pipes  (Sobolev,  1974:  Sobolev 
et  al,  1997;  Egorov,  1986)  they  exist.  It  should  be  noted  that  the  maximum  content  of  zonal  garnets 
is  found  in  high-magnesium  kimberlites.  As  a  rule  zonal  garnets  are  marked  by  a  common  trend  of 
composition,  indicating  an  increase  of  iron  content  from  the  center  to  the  grain  margin  and 
coinciding  with  the  trend  of  kimberlite  crystallization  differentiation.  The  change  of  composition  of 
garnet  zones  is  accompanied  by  a  change  of  mineral  parageneses.  In  the  studied  association  a 
common  trend  of  mineral  composition  follows  towards  the  decrease  of  knorringite  minal  content  in 
garnets  and  increase  of  Ca/(Ca+Mg)  ratio  in  clinopyroxene.  It  suggests  the  crystallization  of 
minerals  when  temperature  and  pressure  fall. 

The  absence  of  orthpyroxene  and  olivine  in  the  association  hampers  an  exact  evaluation  of 
pressure.  However,  the  features  of  composition  for  the  studied  minerals  suggest  their  crystallization 
in  high  pressure.  It  is  primarily  true  for  the  garnets  of  essentially  pyrope  composition,  containing 
knorringite  minal  (  up  to  10%).  The  high  pressure  is  confirmed  by  clinopyroxenes,  containing  high 
share  of  A1VI,  increased  concentrations  of  jurite  minal  and  by  low  titanium  and  relatively  low- 
aluminiferous  (  7-10%  A1203),  high-chromium  composition  of  major  part  of  chromspinelids. 
Minerals  of  similar  composition  are  frequently  associated  with  diamonds  (  Sobolev,  1974; 
Stephens,  Dawson,  1977). 

The  above  high-chromium  association  is  very  similar  to  chromite-pyroxene-gamet 
intergrowths  from  Mir  pipe,  studied  by  N.V.  Sobolev  (1974).  Such  features  of  intergrowths  as  a 
common  high  chromium  content  of  minerals  and  high  oxidation  of  iron  in  chromites  make  them 
different  from  widely-spread  peridotite  xenoliths.  However,  high-chromium  associaion  of  these 
minerals  is  also  found  (Sobolev  et  al,  1997)  in  the  mantle  xenolith  of  Mir  pipe.  According  to  authors 
opinion,  the  origin  of  this  assocation  is  connected  with  metasomatism  on  the  mantle  deep  as  a  result 
of  kimberlite  magmatism. 
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The  non-equilibrium  conditions  of  crystallization  of  the  gamet-jurite  diopside-chromspinelid 
association  suggest  phenocrysts  origin.  This  conclusion  is  verified  by  the  following  arguments:  a) 
absence  of  xenoliths  of  ultramafic  composition  in  pipes;  b)  individual  characteristics  of  association 
mineral  composition  for  each  pipe;  c)  presence  of  chromdiopside  phenocrysts,  which  demonstrate 
trends  of  composition  up  to  a  complete  disappearance  of  jurite  and  jadeite  minals  (  Egorov  et.al., 
1992).  The  authors  made  a  conclusion  on  crystallization  of  chromdiopside  phenocrysts  from 
kimberlite  melt. 

As  this  conclusion  is  of  a  principal  significance  for  the  material  discussed,  the 
argumentation,  which  was  taken  by  the  authors,  is  appropriate  to  be  given.  Some  clinopyroxene 
varieties  (  ureyite  diopside,  chromdiopside,  diopside,  ferruginous  diopside),  which  are  characterized 
by  a  continuos  trend,  are  found  in  Zagadochnaya  pipe.  The  earliest  high-temperature  clinopyroxene 
generations,  enriched  in  ureyite  and  jadeite  minals,  compose  relatively  large  phenocrysts  (  up  to  5-8 
mm  long).  The  chromdiopside  with  the  decreased  Cr203,  Na20  and  A1203  contents  form  the 
phenocrysts  up  to  3-4  mm  long,  and  diopsides  have  small  size  (  0.5-1  mm).  The  diopside 
microlites  composing  the  kimberlite  groundmass  are  found.  However  they  are  completely  replaced 
by  carbonate-serpentine  aggregate.  Relics  of  crystallographic  shape  can  be  in  cases  found  in  all 
clinopyroxene  varieties.  Clinopyroxene  phenocrysts  frequently  contain  small  inclusions  of 
phlogopite,  chromite  and  pseudomorphs  of  serpentine  from  olivine.  The  above  minerals,  occurring 
as  independent  porphyry  insets  in  the  kimberlite,  frequently  comprise  isometric  clinopyroxene 
inclusions.  In  addition,  glomeroporphyritic  intergrowths,  out  of  2-3  clinopyroxene  grains  and 
pseudomorphs  after  olivine  are  observed  in  the  mesostasis  of  rocks.  The  above  features  of 
clinopyroxene  occurrence  and  composition  in  kimberlites  (when  deep  xenoliths  of  ultramafic 
composition,  capable  to  provide  a  similar  ( in  terms  of  composition)  material  under  desintergration 
are  absent)  are  strong  arguments  in  favor  of  the  conclusion  on  phenocryst  origin. 

The  studed  gametferous  association  is  the  begining  of  kimberlite  melt  crystallization. 

This  work  was  partly  supported  by  the  Russian  Fundamental  Fond  Researches  (grants 
96-05-64630,  96-05-64945). 
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Sr,  Nd  isotopic  data  of  kimberlites  and  related  rocks  from 
North  of  Yakutian  kimberlite  province  (Russia) 
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Sr  and  Nd  isotopic  data  have  been  obtained  for  the  first  time  for  the  kimberlites  and  related 
rocks  (  alnoite  and  carbonatites)  from  the  North  of  Yakutian  kimberlite  province.  The  analyses 
were  performed  at  Shinshu  University  via  the  mass-spectrometer  Finnigan  MAT  262.  The 
procedure  of  extraction  and  further  spectrometric  analysis  of  Rb,  Sr,  Sm  and  Nd  were  described  by 
H.  Kagami  et.al.  (1987,1989). 

The  rock  collection,  sampled  from  the  pipes  of  northern  fields  of  Yakutian  province 
(Kuronakh  field:  Malokuonamskaya,  Universitetskaya  pipes;  Ari-Mastakhsk:  Rudnyi  dvor, 
Sportivnaya,  Victoriya,  Polyamaya  pipes;  Nomokhtokh:  Prima  pipe;  Orto-Yarginsk:  Anomaly  N 
15/85;  Kuoiskoe  (Obnazhennaya,  Montechellite,  Seraya  pipes)  has  been  studied.  The  first  four 
fields  belong  to  the  Lower  Mesozoic  subprovince,  which  is  confined  to  the  eastern  margin  of  the 
Anabar  shield.  The  Kuoiskoe  field  is  situated  on  the  north-eastern  margin  of  the  Siberian  platform 
and  filled  mainly  with  the  youngest  (Jurassic)  kimberlites  and  alnoites  (Brakhfogel,  1984;  Kornilova 
etal,  1983). 

The  studied  kimberlites  and  alnoites  are  characterized  by  wide  variations  of  chemical 
composition  and  primarily  lithophile  oxides  (  Ti02  -  0.18-5.07;  A1203  -  1.97-5,20;  K20  -  0.40-2.92; 
P205  -  0.47-1,71)  and  on  the  whole  reflects  the  features  of  composition  of  rocks,  filling  the  north 
fields  of  Yakutian  kimberlite  province.  The  carbonatite  breccias  are  mainly  of  calcite  composition  ( 
carbonate  component  makes  up  more  than  50%). 

Table  1  gives  the  isotopic  data.  The  plot  with  the  coordinates  (87Sr/86Sr)0  -  eNd  (Fig.l) 
indicates  the  complete  correlation  of  isotopic  characteristics  for  kimberlites  and  related  rocks  from 
the  north  Yakutian  province  with  those  for  basaltoid  kimberlites  of  group  I  from  different  Mir 
provinces.  Almost  all  points  of  isotopic  compositions  lie  in  the  area  of  primitive  and 
insignificantly  depleted  mantle.  The  isotopic  characteristics  of  kimberlites  and  alnoites  for  the 
investigated  pipes  are  similar.  The  dependence  of  Sr  and  Nd  isotopic  compositions  on  the 
kimberlite  and  alnoite  composition  is  not  available. 

The  majority  of  samples,  independent  on  rock  type,  are  marked  by  a  relatively  low  initial  87Sr/86Sr 
ratios,  varying  in  the  range  from  0.70346  to  0.70436.  The  exception  is  the  kimberlite  from  the 
Obnazhennaya  pipe.  The  increased  87Sr/86Sr  value  for  this  kimberlite  is  due  to  the  more  intensive 
alteration  of  the  rock.  It  should  be  noted  that  diamond-bearing  Paleozoic  kimberlites  as  opposed  to 
the  kimberlites  and  related  rocks  of  the  north  of  Yakutian  province  are  marked 
(Kostrovitsky,  1986)  by  higher  and  wider  range  of  isotopic  composition  Sr  (0.704-0.711).  It 
indicates  the  more  intensive  impact  of  essentially  carbonate  sedimentary  cover  on  the  Paleozoic 
kimberlites,  the  thickness  of  which  in  the  south  of  the  Yakutian  province  is  about  2  km  (  in  the 
north,  in  the  Near- Anabar  the  thickness  amounts  to  the  first  hundred  meters). 

143Nd/144Nd  initial  ratio  in  kimberlites  and  related  rocks  from  the  north  of  the  Yakutian 
province  mainly  varies  in  a  narrow  range,  not  depending  on  rock  type.  The  dependence  of  ratio 
values  on  the  rock  age  is  obvious  (Fig. 2).  It  was  established  earlier  (Basu  et  al,  1979;  Nelson  et  al, 
1988),  that  the  correlation  between  the  initial  isotope  Nd  (  and  Sr)  composition  in  the  rocks, 
having  the  mantle  source,  and  their  age  is  a  global  phenomenon,  indicating  the  primitive  non- 
depleted  source  nature.  On  the  correlation  plot  Nd  isotopic  compositions  for  different-age 
kimberlites  of  the  Yakutian  and  other  Mir  provinces  lie  on  or  near  the  evolution  line  of  143Nd/144Nd 
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ratio  for  the  CHUR  source.  An  insignificantly  greater  deviation  from  the  evolution  line  of  isotopic 
data  for  kimberlites  and  related  rocks  from  the  north  of  Yakutian  province  as  opposed  to  the  south 
diamond-bearing  rocks  suggests  the  relations  of  the  first  ones  with  a  more  depleted  mantle  source 
of  substance.  As  it  is  known,  a  primitive  source  is  related  to  the  asthenosphere  source  while  the 
depleted  one  is  associated  with  shallow  lithosphere  source.The  significance  of  the  latter  in  the 
formation  of  kimberlites  and  related  rocks  from  the  north  of  Yakutia  conforms  to  a  well-known  fact 
of  a  marked  decrease  of  diamonds  and  associated  minerals,  as  well  as  the  disappearance  of  most 
deep-seated  mantle  xenoliths. 

The  obtained  isotopic  data  suggest  the  correlation  of  kimberlite  diamond-bearing  capacity 
with  eNd  values,  as  a  measure  of  proximity  to  the  chondrite  model  of  a  source.  All  three  samples 
of  non-diamond  kimberlites  and  associated  rocks  of  the  Kuoskoe  field  are  characterized  by  the 
maximum  sNd  value  (  +  4.71  -  +  5.25).  The  Malokuonamskaya  pipe,  the  only  kimberlite  body 
from  the  considered  above  with  relatively  high  diamond-bearing  capacity  is  marked  by  sNd  value, 
which  is  the  most  proximate  to  the  chondrite  one  (  -0.61).  It  is  more  likely  that  a  significant 
deviation  from  the  evolution  line  of  143Nd/144Nd  CHUR  ratio  towards  both  the  enrichment  and 
depletion  is  a  negative  factor  for  diamond-bearing  kimberlites. 

This  work  was  supported  by  Russian  Foundation  for  Fundamental  Reseaches  (  grants  N  96- 
05-64630,  96-05-649450). 
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Fig.  1.  Isotopic  composition  of  Sr 
and  Nd  in  kimberlites  and  related 
rocks  of  Yakutian  province. 
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diamondferous  kimberlites  from 
South  of  Yakutian  province  (data 
of  Agashev  et  al). 
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Fig.  2.  Initial  143Nd/144Nd  ratios  versus  age  of  emplacement  for  kimberlites  and  related  rocks.  1-3  - 
Yakutian  province:  1-  Anabar  region;  2-  Kuoikskoe  field;  3-  southern  diamondferous  fields  (Agashev 
et  al);  4-pipe  Premier,  Africa;  5-  Indian  pipes  LI,  L2;  6-  USA,  Colorado-Wyoming,  pipe  Nix;  7- 
S.Affica  pipes  (Smith,  1983).  The  line  represents  143Nd/Ndl44  evolution  of  the  achondrite  Juvinas 
(Smith,  1983). 

Tabl.  1.  Isotopic  composition  of  Sr  and  Nd  in  kimberlites  and  related  rocks  of  the  North  of  Yakutian  province 


sample 

Pipe 

Rb, 

g/t 

Sr, 

1  g/t 

87Sr/86Sr 

±a 

(87Sr/ 

86Sr)0 

Sm, 

g/t 

Nd, 

g/t 

143Nd/144Nd 

±CT 

(l4JNd/ 

144Nd)0 

eNd 

1 

7-276 

Obnajen- 

naya 

48.6 

1790 

0.705674 

0.000014 

0.70547 

14.4 

108 

0.512740 

0.000014 

0.51265 

4.71 

2 

78-131 

Malo- 

Kuonam- 

ska 

114 

1900 

0.704032 

0.000012 

0.70349 

15.8 

113 

0.512443 

0.000014 

0.51232 

-0.61 

3 

78-1166 

Universi- 

tetskaya 

62.9 

1280 

0.704000 

0.000013 

0.70356 

17.8 

132 

0.512630 

0.000014 

0.51251 

3.12 

4 

90-15 

Polyar- 

naya 

66.8 

2030 

0.703997 

0.000012 

0.70370 

23.2 

153 

0.512663 

0.000014 

0.51253 

3.49 

5 

7-93 

Seraya 

20.4 

551 

0.703869 

0.000014 

0.70356 

19.3 

136 

0.512745 

0.000014 

0.51252 

4.97 

6 

90-21 

Rudni 

dvor 

111 

1284 

0.704328 

0.000014 

0.70354 

14.6 

96.6 

0.512677 

0.000014 

0.51254 

3.75 

7 

90-56 

Sportiv- 

naya 

97 

1190 

0.705100 

0.000012 

0.70436 

15.1 

104 

0.512576 

0.000014 

0.51245 

1.89 

8 

7-473 

Monticel- 

liting 

73.3 

1220 

0.704401 

0.000012 

0.70396 

16.8 

116 

0.512777 

0.000012 

0.51267 

5.25 

9 

90-60-1 

Victoria 

70.7 

1360 

0.704215 

0.000011 

0.70374 

11 

66.3 

0.512344 

0.000018 

0.51220 

-2.99 

10 

78-1555 

Prim  a 

12.4 

7070 

0.703476 

0.000014 

0.70346 

125 

1450 

0.512701 

0.000009 

0.51263 

5.33 

11 

90-74 

Anomaly 

15/85 

40.8 

3860 

0.703712 

0.000014 

0.70362 

32.4 

275 

0.512678 

0.000014 

0.51258 

4.34 

Note:  1-4  -  kimberlites;  5-7  -  picritic  porpherites;  8-9  -  alnoites;  10-11  -  carbonatites. 
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CONTINENTAL  LITHOSPHERE  DEEP  STRUCTURE 
RESEARCHES  ON  THE  BASE  OF  SCIENTIFIC  DEEP  DRILLING 


Kouznetsova  E.I.,  Galdin  N.E. 

(Research  Industrial  Company  GERS,  Apt.  62,  d.4,  2-nd  Pereulok  Truzhennikov,  119121  Moscow  Russia) 


Investigation  of  deep  structure  and  geodynamic  regimes  of  the  lithosphere  on  the  base 
drilling  and  geotransects  are  extreamely  important  for  fundamental  Earth  sciences 
development  and  promotion  of  the  applied  problems  decision.  Especially  it’s  important  for 
understanding  of  processes  of  oil,  gas  and  ore  generation,  evaluation  of  geothermal  energy, 
integration  of  petrological,  geological,  geophysical  data  and  kimberlite  volcanism. 

At  present  time  the  next  scientific  deep  and  superdeep  boreholes  are  drilled  in  Russia: 
Kola  SD-3  (12261  m),  Vorotilov  (5374  m),  Ural  (4950  m),  Tyrnyaz  (4001  m),  Colva  (7057  m), 
Tyman-Pechora  (6904  m),  Tumen  (7500  m),  Kuban  (4000  m),  Tujmazinskaya  (3845 
m),Minnibaevskay  (5099  m),  Novoyelkhovskaya-20009  (5500  m).  The  drilling  is  continuing 
now  in  Novoyelkhovskaya-20009,  Ural  and  Tuman  wells.  The  Kola  superdeep  borehole  works 
as  geolaboratory  and  deep  observatory  for  long-term  geological  and  geophysical 
investigations. 

Kola  and  Novoyelkhovskaya  boreholes  are  of  the  greatest  scientific  interest  from  point 
of  view  of  their  geologocal-geophysical  logs  comparison  due  to  their  positions  at  the  opposite 
parts  of  the  Russian  Platform  (eastern  part  of  the  Baltic  Shield  and  South-eastern  part  of  the 
Russian  Plate).  They  are  well  investigated  by  geological-geophysical  methods.  The  logs  of 
Novoyelkhovskaya  borehole  correlate  well  with  geological-geophysical  profiles  along 
geotransects  Granite  and  Quartz. 

The  investigations  of  stress  state  and  geothermal  and  fluid  regimes  of  the  lithosphere 
were  done  on  the  base  of  Kola  and  Novoyelkhovskaya  superdeep  boreholes.  The  crust 
structure  in  the  region  of  the  Kola  superdeep  borehole  is  characterized  by  existance  of 
intracrustal  waveguides  -  zones  of  increased  mobility,  substance  fluidity  and  higher 
permeability.  Convective  movements  of  fluid  could  arise  in  waveguides  under  special 
parameters  of  medium.  It  provides  the  step  character  of  heat  flow  variations.  Vertical 
variations  of  heat  flow  are  explained  by  many  factors:  paleoclimate,  fluid  filtration,  heat 
properties  of  rocks,  stress  state,  history  of  evolution. 

The  main  directions  of  researches  were:  1 )  geological-geophysical  investigations  along 
geotransects  in  the  region  of  the  Kola  superdeep  borehole;  2)  geological-geophysical 
investigations  in  the  Kola  well  SD-3;  3)  thermomechanical  simulation  of  the  Baltic  Shield 
geological  structures  formation  and  evolution  and  the  geothermal  regime  modelling. 

Specific  form  of  Pechenga  structure  gives  unique  possibility  to  compare  geological- 
geophysical  properties  of  the  same  geological  layers  at  the  Earth’s  surface  and  at  the  depth. 

There  are  some  specific  geological  structures  -  overthrusts  and  overlaps  at  the  Baltic 
Shield.  It  is  possibilite  to  get  analytical  decisions  of  thermomechanical  equations  for  such 
structures  evolution.  Complex  investigations  on  the  base  of  geological-geophysical  data  and 
mathematical  modelling  could  be  a  clue  for  the  Earth  crust  origin  problem  decision. 

Seismic  investigations  weve  carried  out  by  method  of  vertical  seismic  profiling  during 
long  period  of  time  (1970-1989)  with  the  purpose  of  studying:  velocity 
and  damping  of  elastic  waves  in  he  vertical  section  of  borehole  SD-3, 
complex  wave  field,  nature  of  seismic  boundaries  in  the  upper  part  of  the  earth  crust  (in 
particular  subhorizon  boundaries  registered  by  DSS  method  (Depp  Seismic  Sounding)  at  the 
depth  of  5-7  km  and  9-13  km).  At  the  first  and  second  stages  of  drilling  six  points  of 
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expositions  were  used  spaced  0.15-3  km  from  SD-3  collar,  at  the  third  stage  -  two  points  spaced 
0.68  and  2.96  km  from  the  collar.  Observation  pitch  constituted  20  m,  seismic  stations  -  Poisk- 
SK,  VSP-1,  seismic  receivers  of  SVM-30  and  SV1-20TS  types  were  used.  Vertical  component  of 
oscillation  was  mainly  registered  in  limited  range  of  depth,  in  the  upper  part  of  borehole  SD-3 
three-component  observations  were  carried  out.  The  investigations  have  been  conducted  by 
methods  of  vertical  seismic  profiling. 

As  a  result  diagram  of  layer  velocities  of  longitudinal  waves  for  SD-3  section  was 
constructed  up  to  depth  of  12  km.  Minimum  thickness  of  layers  was  0,2  km,  error  for  velocity 
determination  Vp  =  0,1  km/s.  Velocity  of  transversal  waves  was  studied  with  less  grade  of 
reliability  because  S-waves  registration  in  subsequent  coming  and  connected  with  it  difficulties 
while  correlating  the  waves.  Above-mentioned  velocity  section  was  utilised  for  correlation  of 
sections  from  different  shafts  of  borehole  SD-3  and  for  studying  the  nature  of  seismic 
boundaries.  In  particular,  discovered  by  DSS  method  subhorizon  seismic  boundary  with  the 
velocity  of  6.6  km/s  (surface  of  “basalt  layer”)  was  not  confirmed  on  vertical  velocity  section. 

Investigations  of  wave  field  by  vertical  seismic  profiling  showed  the  presence  of  clearly 
defined  straight  longitudinal  and  transversal  waves  through  the  whole  lenght  of  vertical  profile. 
Those  waves  form  passing  exchange  waves  of  two  types:  PS  and  SP. 

Reflections  correspond  mainly  to  monotype  longitudinal  waves  and  in  general  were 
poorly  defind,  their  correlation  was  extremely  difficult  and  beared  “dash”character  (similar  to 
wave  fields  MOV).  Analysis  of  wave  field  by  method  of  vertical  seismic  profiling  received  when 
utilising  rather  remote  point  of  explosion  (about  40  km)  showed  that  the  matter  concerned  not 
seismic  boundaries  of  the  1st  type  as  it  was  supposed  before  but  complex  waveguiding 
structures. 

On  the  base  of  geological-geophysical  researches  it  was  determined  that  region  of  the 
Kola  well  SD-3  is  connected  with  extended  active  tectonic  zone  of  high  permeability.  Tectonic 
activity  and  fluid  mobility  there  decrease  with  depth. 

This  anomalous  zone  is  characterized  by  lower  seismic  velocity  (waveguide).  The 
investigations  show  that  this  zone  is  of  higher  jointing,  secondary,  partial  breaking  and 
destruction  of  rocks  at  the  depth  of  9.2-1 1.2  km  in  Archaean  complex  (7-12  km).  This  zone  of 
deep  crystal  rocks  (gneisses,  granites,  amphybolites  et  al.)  is  characterized  by  rough  increase  of 
porosity,  permeability  and  content  of  secondary  minerals.  Core  of  this  zone  is  represented  by 
disks  and  plated  due  to  intensive  subhorizontal  jointing.  On  the  base  of  deep  geological 
structure  investigations  of  eastern  part  of  Baltic  shield  it  is  possible  to  consider  this  zone  as  the 
zone  with  specific  mechanical  properties  and  structure.  The  slow  waterexchange  zone  at  the 
depth  of  2. 5-4. 5  km  was  considered  as  waveguide  too.  Below  this  zone  the  zone  of  stagnant 
water  of  chloride-calcium  and  chloride-natrium  content  of  high  mineralization  is  situated. 
Thus  SD-3  crossection  investigations  gave  possibility  to  determine  the  high  permeability  zones 
at  different  depth,  where  zones  of  kimberlite  may  be  development. 
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Kimberlite  Types  IA,  IB,  and  II  as  Series  from  Different  Mantle  Depths 

Kravchenko,  S.M. 

Institute  of  Geology  of  Ore  Deposits,  Petrography,  Mineralogy  and  Geochemistry,  Russian  Academy  of  Sciences,  35 
Staromonetny,  Moscow  109017,  Russia 

Kimberlites  should  be  divided  (Smith  et  al.,  1993)  into  micaceous  (II  type)  and  basaltic  kimberlites. 
The  latter  include  two  varieties  -  IA  and  IB  types.  The  IB  type  is  more  rich  in  Ca-  and  Ti-contents. 
The  above  three  types  differ  by  mineralogy,  chemical  and  isotope  compositions.  A  component 
distribution  in  different  kimberlite  types  depends  on  parental  mantle  magma  compositions  resulted 
from  different  formation  conditions  and  mantle  heterogeneities. 

The  linear  trends  of  rock  composition  projections  in  different  threefold  diagrams  and  the  directions 
of  the  trends  to  lower  temperature  fields  prove  the  rocks  belong  to  a  series.  To  discriminate  the 
above  kimberlite  types  0, 1  Mg0-K20-Ti02  diagram  was  used  since  Mg,  K  and  Ti  are  the  elements  of 
the  maximum  negative  correlation  (Kravchenko,  1993).  All  three  types  show  linear  trends,  but  it  will 
be  noticed  that  only  the  kimberlite  type  II  represents  a  full-size  series,  which  ends  in  low-temperature 
field  of  the  diagram.  The  projection  of  kimberlite 

compositions  from  Gros-Brukkaros  coinsides  with  this  trend  very  closely.  The  other  two  kimberlite 
types  (IA  and  IB)  related  to  the  coordinates  represent  only  high-temperature  parts  of  the  series. 

The  scatter  in  K-,  Ti-,  and  Ca-contents  in  kimberlites  is  respectively  as  great  as  5-,  3-,  and  more  than 
2-fold.  Kimberlites  from  Australian  Platform  contain  5-6%  CaO,  whereas  some  African  and  Siberian 
kimberlites  -  up  to  13-16%  (Edgar  and  Charbonneau,  1993;  Lebedeva,  1986;  Sobolev  et  al.,  1980; 
Smith  et  al.,  1985).  Compositions  of  three  kimberlite  types  on  the  Fo-Ln-Q  plane  of  the  normative 
tetrahedron  Ln-Fo-Q-Ne  (Yoder,  1979)  demonstrate  three  series  of  different  Ca-content,  the  lowest 
for  micaceous  kimberlites  and  the  most  enriched  for  kimberlites  IB. 

The  Siberian  kimberlite  compositions  are  close  to  IB  kimberlite  compositions.  The  trend  of  melilite- 
bearing  rocks,  which  stands  out  as  the  most  Ca-enriched  within  single-ring  alkaline-ultrabasic 
complexes,  is  an  extention  of  Siberian  kimberlite  trend  at  this  diagram  (Kravchenko  and  Rass,  1985). 
The  parental  magma  for  melilite-bearing  rocks  should  be  more  Ca,  than  that,  usually  accepted  for  all 
rocks,  melilite-bearing  and  melilite-free.  It  may  be  of  kimberlite-like  composition  (IB  type),  or  of  the 
similar  composition  as  for  IB  kimberlite.  To  accomplish  the  melilite-bearing  series  from  the  mantle 
magma,  the  low-pressure  conditions  should  exist  during  its  differentiation. 

Our  previous  investigations  allow  to  suppose  the  Ca-content  in  mantle  melts  increases  by  increasing 
of  melting  depths  (Kravchenko  et  al.,  1992).  The  occurence  of  majorite  garnet  incclusions  in  some 
diamonds  in  the  Monastery  kimberlite  pipe  (Moor  et  al.,  1989),  high-pressure  experiments  on  Si02- 
poor,  CaO-rich  kimberlites  from  Wesselton  (Edgar  and  Charbonneau,  1993)  confirm  this 
presumption.  The  melting  depth  for  basaltic  kimberlites  is  currently  evaluated  to  be  as  400-650km 
(Ringwood  et  al.,  1992).  Isotope  investigations  of  melilitites  from  the  Central  Europe  show  their 
parental  magma  should  derive  from  depths  of  the  thermal  boundary  layer  (Wilson  et  al.,  1995). 
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Brief  Review  of  the  Theory  of  Liquid  Immiscibility  of  Kimberlite  Magma 
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This  communication  based  on  the  long-time  research  of  kimberlite  pipes  of  Yakutia,  Russia.  First 
scientific  report  about  this  problem  has  been  prepared  in  December  1973. 

There  are  two  main  kimberlite  rock  varieties:  massive  kimberlite  (Photo  1)  and  autolithic  kimberlite 
(Photo  2)  (  former  kimberlite  “tuff”)  can  be  determined. 

The  autoliths  are  the  most  important  part  of  both  kimberlites.  Autolithic  material  composes  about  50 
%  of  autolithic  kimberlite,  and  all  100  %  of  massive  kimberlite. 

Fully  developed  autolith  has  spheroidal  shape  .  In  the  centre,  as  a  rule,  the  pseudomorphose  after 
olivine  or  xenolith  of  wall  rocks  are  situate.  Some  of  autoliths  have  concentric-zoned  texture  (Photo 
3,4).  Autoliths,  which  consist  of  a  small  portion  of  kimberlite  “tuff”,  surrounded  by  a  cover  (coat) 
of  massive  kimberlite  have  been  found  (Photo  5).  Sometimes  these  autoliths  have  a  burst  (torn)  cover 
of  massive  kimberlite,  and  their  “tuff”  core  flow  together  with  surrounding  autolith  “tuff”  (Photo  6). 

It  is  known  (Ilup in,  Kaminsky  and  Frantsesson,  1978),  that  kimberlites  compare  with  other  ultrabasic 
rocks  abundant  with  titanium,  potassium,  phosphorus,  boron,  hydrogen  and  some  other  elements- 
catalysts  of  liquid  immiscibility. 

It  is  possible  to  suppose,  that  the  kimberlite  magma  just  before  eruption  passed  through  the  moment 
of  the  liquid  immiscibility,  and  generated  two  secondary  melts:  silicate  ultrabasic,  which  gave 
autoliths,  and  non-silicate  carbonatitic  melt,  which  hardened  as  groundmass  of  autolithic  kimberlite. 
In  other  words,  the  autolithic  kimberlite  is  a  mechanic  mixture  of  both  melts,  which  had  no  time  for 
their  spatial  separation.  Concentrated  silicate  melt  gave  autoliths,  and  concentrated  carbonatitic  melt 
gave  a  globules,  which  very  often  look  like  xenoliths  of  limestones  or  veins  of  postmagmatic 
carbonates . 

During  the  process  of  liquid  immiscibility  the  kimberlite  magma  spent  lot  of  its  inner  energy  for 
separation  of  the  primary  liquid  for  two  new  melts,  and  as  result  it  has  been  deep  over-cooled.  The 
phenomenon  of  over-cooling  of  liquids  due  to  their  immiscibility  confirmed  by  theoretic  (Tamman, 
1935)  and  experimental  work  (Anikin,  1977). 

This  is  why  around  kimberlite  pipes  we  see  so  weak  signs  of  contact  metamorphism.  The  over¬ 
cooling  crushed  mantle  diamonds  and  indicator  minerals.  It  hindered  graphitization  of  diamonds. 

In  over-cooling  conditions  the  silicate  melt  became  hard,  and  along  with  xenoliths  could  periodically 
obstruct  the  channel  of  eruption,  and  to  generate  the  phenomenon  of  water-hammer. 

During  the  repeating  water-hammers  the  new  diamonds  and  indicator  minerals  could  grow.  This  is 
why  so  long  a  list  of  low-temperature  mineral  inclusions,  such  as  quartz,  feldspar,  amphibole, 
biotite,  staurolite,  serpentine,  carbonate,  has  been  found  in  diamonds. 

Kimberlite  pipe  formation  by  water-hammer  mechanism  can  explain  the  existence  of  so-called 
“blind”  pipes,  which  never  reached  the  land  surface. 
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One  of  the  most  important  conclusions  of  the  theory  of  liquid  immiscibility  of  kimberlite  magma  is 
one-act  eruption  of  magma  in  the  cavity  of  each  compound-built  pipe,  and,  possibly,  several  closely 
located  pipes. 
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Corundum-Kyanite  Eclogite,  Grospydite  and  Epidote  Amphibolite  of  Probable 
Subducted  Slab  Origin  from  Paleogene  Diamondiferous  Pipes  in  SW  Wyoming 

Kuehner,  Scott  M.  and  Irving,  Anthony  J. 

Dept,  of  Geological  Sciences,  University  of  Washington,  Seattle,  WA  98195,  USA  (kuehner@u. washington.edu) 

Widespread  eclogitic  garnet  and  chromian  diopside  grains  in  antmounds  in  southwestern 
Wyoming  have  a  proximal  source  in  the  Bishop  Conglomerate  which  caps  a  regional  erosion  surface 
(McCandless  and  Nash,  1996),  but  the  distal  sources  appear  to  be  at  least  ten  diatremes  and  dikes 
intruding  the  underlying  Bridger  Formation  on  the  western  end  of  Cedar  Mountain.  Several 
diamonds  have  been  reported  in  drill  core  from  one  of  these  diatremes  (Guardian  Enterprises,  1995, 
1996,  1997)  and  a  few  alluvial  diamonds  also  have  been  found  in  the  region.  We  have  examined  the 
antmounds,  conglomerate  and  diatremes  in  order  to  characterize  the  variety  of  lithospheric  xenoliths 
and  the  agent  that  transported  them  from  depth.  Although  located  halfway  between  the  Qligocene- 
Miocene  lamproites  near  Francis,  Utah  and  the  Plio-Pleistocene  lamproites  of  the  Leucite  Hills, 
Wyoming  (Mitchell  and  Bergman,  1991),  the  Cedar  Mountain  magmatic  phase  appears  to  have 
neither  lamproitic  nor  kimberlitic  affinities.  All  three  localities  lie  along  the  southern  margin  of  the 
Wyoming  Craton,  yet  the  xenolith  types  in  the  Cedar  Mountain  pipes  suggest  that  any  diamonds 
might  be  of  shallow  subduction  origin  rather  than  being  derived  from  a  deep  cratonic  keel. 

Geologic  Setting  and  Age 

The  Cedar  Mountain  intrusive  bodies  appear  to  be  narrow  dikes  and  clast-choked  pipes 
cutting  volcaniclastic  sandstones,  siltstones  and  shales  of  the  Eocene  Bridger  Formation.  The 
disconformably  overlying  Bishop  Conglomerate,  which  contains  tuffs  dated  at  29  Ma,  caps  most  of 
the  high  mesas  in  the  region  around  Lonetree  (Hansen,  1986;  Dover  and  M'Gonigle,  1993).  Thus, 
the  age  of  emplacement  of  the  pipes  probably  was  between  30  and  40  Ma  ago.  Whether  the  pipes 
ever  erupted  above  the  Eo-Oligocene  surface  is  conjectural,  but  they  and  their  lithospheric  xenoliths 
evidently  were  exposed  to  erosion  by  at  least  29  Ma  ago,  and  were  re-exposed  upon  retreat  of  the 
capping  Bishop  Conglomerate  perhaps  as  recently  as  Pleistocene  time.  The  Bishop  Conglomerate 
represents  a  high  energy,  alluvial  fan  deposit  (Hansen,  1986)  containing  boulder  to  sand-sized 
detritus  of  Paleozoic  to  Precambrian  sedimentary,  igneous  and  metamorphic  rocks  derived  mostly 
from  the  Uinta  Mountains  to  the  south.  In  the  vicinity  of  Lonetree  the  lower  conglomerates  are 
commonly  cemented  by  calcite  and  contain  sparse  eclogite,  epidote  amphibolite  and  other  detritus  of 
deep  lithospheric  origin  within  a  narrow  zone  30-90  cm  above  the  basal  contact. 

Petrology  and  Mineralogy  of  Clasts 

A  suite  of  small  lithic  and  mineral  clasts  was  recovered  by  acetic  acid  digestion  and 
handpicking  from  a  large  sample  of  Bishop  Conglomerate  collected  4.5  km  northeast  of  the 
diatremes.  Mineral  grains  were  also  collected  directly  from  antmounds,  and  by  heavy  liquid 
separation  of  soil  and  antmound  samples.  Most  of  our  characterization  of  the  clasts  to  date  has 
entailed  electron  microprobe  petrography  and  EDS  analysis  of  constituent  phases.  The  lithic  clast 
types  include  bimineralic  eclogite,  corundum  eclogite,  corundum-kyanite  eclogite,  grospydite, 
garnet-phengite-quartz  granulite,  and  a  distinctive  suite  of  epidote-amphibole-rich  assemblages 
containing  varying  amounts  of  titanite,  rutile,  allanite,  omphacitic  pyroxene,  biotite,  zircon,  and 
ilmenite  with  minor  barite  and  celestite. 
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One  corundum  eclogite  contains  more  jadeitic  clinopyroxene  and  more  grossular-rich  garnet 
than  a  bimineralic  eclogite  (Table  1).  Mineral  clasts  include  garnet,  chromian  diopside,  low-Ca 
augite,  bronzite,  Cr-Al  spinel,  chromite,  ilmenite  and  pseudobrookite  (see  Table  1).  No  olivine  has 
been  observed.  The  cm-sized  grains  of  glassy  augite  and  enstatite  (the  latter  containing  abundant 
oriented  chromite  needles)  do  not  contact  any  of  the  other  minerals,  suggesting  that  they  may  be 
high  temperature  megacrysts  possibly  related  to  the  diatreme  magma.  Our  results  for  antmound 
minerals  affirm  the  findings  of  McCandless  and  Nash  (1996);  additional  discoveries  are  one  grain 
each  of  blue  corundum,  pink  aluminosilicate  and  anorthoclase.  Xenoliths  from  one  Cedar  Mountain 
diatreme  include  epidote-amphibole-rich  rocks  (some  omphacite-bearing),  metabasites  composed  of 
blue-green  barroisitic  amphibole  and  epidote+albite  intergrowths,  gamet-phengite-quartz  granulite, 
and  a  large  diopside  grain  with  euhedral  phlogopite  inclusions.  Many  of  the  mineral  assemblages  in 
xenoliths  and  clasts  are  typical  of  subduction  complexes  (e.g.,  Evans,  1990;  Sorensen  and  Grossman, 
1993).  The  entire  suite  is  explicable  by  subduction  metamorphism  of  oceanic  sediments  and  variably 
altered  basalts,  as  described  in  the  Barron  et  al.  (1996)  subduction  model  for  diamond  genesis. 

Magmatic  Component  of  Cedar  Mountain  Diatremes 

We  have  examined  in  detail  a  sample  of  light  grey,  fine  grained,  clast-laden  magmatic  breccia 
from  one  pipe  and  a  sample  of  a  narrow  dike-like  apophysis  of  the  same  intrusion.  In  addition  to 
debris  from  a  variety  of  crustal  lithologies,  we  have  identified  chromian  diopside  similar  in 
composition  to  that  from  antmounds,  but  no  garnet,  corundum  or  kyanite.  The  very  complex,  very 
fine  grained  breccia  matrix  consists  of  highly  silicic,  presumably  hydrous  glass  (amorphous  by 
electron  diffraction)  containing  xenocrysts  as  well  as  euhedral  to  subhedral  grains  of  phlogopite,  Sr- 
apatite,  richterite,  anorthoclase,  sanidine,  plagioclase,  chromite,  pyrite,  barite  and  calcite,  but  not 
clinopyroxene.  Acicular  mica  micro lites  form  radiating  masses  or  dense  bunches  in  flow  alignment 
around  larger  clasts  (Figure  1),  and  appear  to  have  precipitated  from  the  inter-clast  fluid.  The  micas 
are  Mg-rich  but  unusually  low  in  Ti,  Na,  Cr,  and  F  (Table  1),  and  differ  from  micas  in  kimberlites, 
orangeites,  lamproites  and  the  sandstones  of  the  Bridger  Formation  (Figure  2).  The  richterite  has 
lower  Ti  and  K  (Table  1)  than  similar  amphiboles  in  lamproites.  Three  distinct  types  of  feldspar 
occur  as  individual  grains  and  sanidine  also  forms  overgrowths  on  plagioclase  grains;  14  analyses 
range  from  An53Ab450r2  through  anorthoclase  to  AnoAbjO^.  The  matrix  appears  to  represent  a 
disequilibrium  quench  assemblage  from  a  very  low  viscosity,  hydrous,  mafic,  alkalic  magmatic  liquid 
or  fluid,  but  the  exact  nature  of  any  deeper,  related  alkalic  magma  remains  uncertain. 
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Figure  1.  1)  mica;  2)  plagioclase  (Ar^O^)  rimmed  by 
An^^j  anorthoclase;  3)  richterite;  4)  pyrite; 

5)  sanidine  (Or99);  6)  sanidine  (An^Or^).  BSE  image, 
width  90  pm. 


wt%  Ti02 

Figure  2.  Compositions  of  mica  in  Cedar  Mountain 
breccia.  Circles-  matrix  grains.  Squares-  undifferentiated 
large  grains. 


Table  1.  Compositions  of  diatreme  matrix  phases  and  clasts  from  the  Bishop  Conglomerate 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Si02 

57.55 

42.64 

87.74 

43.43 

55.97 

55.60 

55.73 

41.20 

55.88 

0.53 

0.52 

0.47 

Ti02 

0.08 

1.05 

0.09 

0.13 

0.0 

0.08 

0.15 

0.0 

0.0 

0.12 

0.46 

34.40 

ai2o3 

2.02 

12.30 

2.58 

22.95 

5.42 

0.45 

3.48 

22.70 

3.80 

44.34 

8.39 

0.48 

Cr203 

0.03 

0.05 

0.00 

0.23 

0.23 

0.18 

0.68 

0.22 

0.24 

21.58 

42.44 

2.39 

FeO 

2.68 

6.90 

0.54 

7.09 

0.93 

4.46 

3.53 

12.71 

1.26 

18.01 

39.76 

59.72 

MnO 

0.15 

0.05 

0.07 

0.37 

0.0 

0.33 

0.23 

0.34 

0.0 

0.45 

0.50 

0.0 

NiO 

0.05 

0.06 

0.04 

0.0 

0.0 

0.21 

0.0 

0.0 

0.0 

0.0 

0.38 

0.0 

MgO 

20.15 

21.82 

1.04 

15.04 

15.05 

20.11 

35.54 

15.84 

15.34 

14.97 

7.36 

2.54 

CaO 

6.48 

0.06 

1.04 

10.49 

19.38 

17.66 

0.67 

6.99 

21.18 

0.0 

0.18 

0.0 

Na20 

5.21 

0.58 

0.29 

K20 

0.86 

10.22 

0.75 

BaO 

0.0 

0.36 

0.02 

Cl 

0.08 

0.0 

0.02 

F 

0.24 

0.29 

0.0 

Sum 

95.55 

96.37 

94.22 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

1)  matrix  richterite;  2)  matrix  mica;  3)  avg  glass  (n=4);  4)  garnet  and  5)  cpx  from  corundum 
eclogite;  6)  cpx  megacryst;  7)  opx  megacryst;  8)  garnet  and  9)  cpx  from  bimineralic  eclogite; 
10)  Al-chromite;  11)  chromite;  12)  pseudobrookite.  1-3  by  WDS,  4-12  by  EDS. 
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We  compare  thermobarometry  data  from  21  kimberlite-hosted  mantle  xenoliths  with  a  2- 
dimensional  numerical  thermal  model  of  the  lithosphere  to  provide  a  integrated  geotherm  for  the 
central  Fennoscandian  Shield  in  eastern  Finland.  Kimberlites,  which  contain  mantle  xenoliths, 
intrude  the  outemmost  edge  of  the  late  Archaean  craton  nucleus  adjacent  to  Palaeoproterozoic 
mobile  belt.  Detailed  petrology  of  the  mantle  xenoliths,  which  include  both  garnet  and  garnet-spinel 
facies  peridotites,  pyroxenites,  and  eclogites,  are  described  in  detail  elsewhere  in  this  volume 
(Peltonen  et  al.,  1998).  Most  of  the  studied  xenoliths  suit  well  for  thermobarometry  because  all 
phases  are  unzoned  and  because  mineral  analyses  (both  SIMS  and  Nd/Sr  isotopes)  imply  that 
garnets  and  clinopyroxenes  were  in  mutual  chemical  and  isotopic  equilibrium  at  the  time  of  their 
detachment  from  the  lithospheric  mantle.  In  the  results  obtained  equilibrium  is  manifested  by  small 
(<100°C)  range  of  temperatures  calculated  by  eleven  distinct  calibrations.  Thermobarometry  results 
(iteratively  solved  T[Krogh,  1988]  -  P[Brey  and  Kohler,  1990])  are  in  agreement  with  a  conductive 
geotherm  corresponding  to  a  surface  heat  flow  density  (HFD)  of  36  mWm'2  (Fig.  1).  Garnet 
peridotites  yield  pressures  which  indicate  depths  between  170-230  km.  Importantly,  they  all  belong 
to  the  ’’coarse”  subtype,  widely  believed  to  represent  the  subcontinental  lithospheric  mantle 
(SCLM),  while  none  are  akin  to  the  ’’sheared”  type  of  possible  derivation  from  the  uppermost 
asthenosphere,  implying  that  petrological  lithosphere  is  over  200  km  thick  in  the  study  area  - 
consistent  with  the  absence  of  inflection  in  the  geotherm.  This  xenolith-based  geotherm  turned  out 
to  be  in  close  agreement  with  the  earlier,  independently  determined,  numerical  2-D  conductive 
model  for  the  present  lithospheric  temperatures  (Kukkonen  and  Joeleht,  1996).  In  this  study,  we 
have  slightly  revised  this  conductive  model  by  using  constant  mantle  heat  flow  density  as  the  lower 
boundary  condition  in  the  mantle  (12  mWm'2  at  250  km  under  the  kimberlite  area).  Further,  heat 
production  values  in  the  model  were  corrected  for  the  decrease  in  the  intensity  of  radioactive  decay 
of  U,  Th,  and  K  during  the  past  500  Ma  in  order  to  obtain  more  accurate  geotherm  at  the  time  of  the 
kimberlite  emplacement  (Fig.  1). 

The  revised  geotherm  was  used  to  calculate  the  rheological  profile  of  the  lithosphere  by  determining 
the  relative  magnitudes  of  frictional  and  creep  strengths  of  different  layers  of  the  lithosphere  (e.g. 
Ranalli  and  Murphy,  1987).  The  rheological  thickness  of  the  lithosphere  at  the  site  of  the 
kimberlites  is  estimated  to  be  130-185  km  depending  on  the  applied  value  of  the  creep  strength  of 
mantle  rocks.  Importantly,  most  of  the  PT-data  from  the  xenoliths  cluster  around  170-180  km  which 
may  be  an  indication  of  a  structural  (strength)  boundary  at  this  depth  which  favoured  the  ’’sampling” 
by  the  kimberlite  magma.  The  seismic  lithosphere  thickness  values  correlate  best  with  the  base  of 
the  rheological  lithosphere.  Because  some  texturally  similar  (’’coarse”)  xenoliths,  however,  imply 
also  much  greater  depths  (up  to  230  km),  the  rheological  lithosphere  is  substantially  thinner  than  the 
petrological  and  thermal  lithosphere.  As  a  whole,  the  lithosphere-asthenosphere  relations  in  central 
parts  of  the  Fennoscandian  Shield  can  be  considered  as  a  system  of  Theologically  controlled  plate 
thickness  of  about  180  km,  underlain  by  thermal  boundary'  layer  extending  to  at  least  230  km,  and 
transported  together  with  the  rheological  lithosphere  in  plate  tectonic  movements. 
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Fig.  1.  Comparison  of  the  geothermobarometry  and  the  calculated  geotherms.  Solid 
line  is  the  geotherm  representing  the  present  situation  (this  study),  the  dotted  line 
corresponds  to  conditions  500  Ma  ago,  and  the  broken  line  is  the  geotherm 
according  to  the  2-D  conductive  model  of  Kukkonen  and  Joeleht  (1996). 
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Mineralogy  of  xenoliths  of  garnet  pyroxenites  from  kimberlite  pipes  of  Siberian 

Platform 
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Institute  of  Mineralogy  and  Petrography,  630090, Novosibirsk,  Russia. 


The  present  work  is  devoted  to  the  study  of  the  complex  of  mantle  xenoliths  of  pyroxenite 
paragenesis  from  Udachnaya,  Mir  and  Obnazhennaya  kimberlite  pipes.  In  general,  above  100  nodules 
of  pyroxenites  are  studied  and  their  complex  mineralogo-petrographic  exploration  is  performed. 

About  70%  of  studied  sampling  are  represented  by 
garnet-bearing  varieties. 

The  detailed  petrographic  description  of  the  studied 
rock  group  was  presented  earlier  in  a  number  of 
works  (Serenko,  Kharkiv,  1974;  Ukhanov  et  al., 
1988;  Kuligin,  1997),  therefore,  we'll  take  a  close 
look  only  at  the  main  peculiarities  of  the  basic  rock¬ 
forming  .  minerals  of  pyroxenites  and  their 
comparative  analysis  with  the  corresponding  minerals 
from  the  rocks  of  lherzolite  and  eclogite  composition. 
In  terms  of  mineralogy  of  lherzolites  and  eclogites, 
both  literature  data  (Ukhanov  et  al.,  1988;  Spetsius, 
Serenko,  1990;  Solov'eva  et  al.,  1994)  and  a  great 
number  of  our  new  materials  were  used. 

GARNET.  The  exact  positive  correlation  between 
Fig.  1.  Cr203  and  CaO  ratio  in  garnets  from  Cr203  and  CaO  (Sobolev,  1974)  was  established  for 
xenoliths  pyroxenites  and  lherzolites.  the  garnets  from  lherzolites  of  xenoliths.  The  similar 
Udachnaya  pipe.  tendency  is  also  available  for  the  garnets  from  the 

xenoliths  of  pyroxenite  rocks,  and  more  significant 
dependence  between  CaO  and  Cr203  is 


Fig.  2.  Ferruginosity  distributions  of  garnets  from  xenoliths  lherzolites  (1),  pyroxenites  (2)  and 
eclogites  (3).  Udachnaya  pipe.  X-Fe+2/(Fe+2+Mg)  in  %,  Y-quantity. 


observed  (Fig.  1). 

The  histograms,  illustrating  the  distribution  of  ferruginosity  of  garnets  from  different  rock  types  are 
shown  in  Figure  2.  According  to  this  characteristic,  the  garnets  from  pyroxenite  xenoliths  take  up  the 
intermediate  position  between  garnets  from  lherzolites  and  eclogites.  In  this  case,  the  comparison  of 
ferruginosity  distributions  in  garnets  from  different  types  of  xenoliths  from  Udachnaya  pipe  is  the 
most  demonstrative.  Thus,  the  part  of  garnets  with  ferruginosity  of  above  25%  is  2-3%  in  lherzolites, 
about  50%  -  in  pyroxenites  and  about  88%  in  eclogites  (Fig.  2). 
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Aorthpyroxenites  and  vebsterites 
x  clinopyroxenites 

Fig.  3.  Na  and  Al+Cr  ratio  in  clinopyroxenes 
from  xenoliths  pyroxenites  and  lherzolites. 
Mir  pipe. 


a  orthopyroxenites  and  vebsterites 
x  clinopyroxenites 


Fig.  4.  Ca/(Ca+Mg)  and  Cr/(Cr+Al)  ratio  in 
clinopyroxenes  from  xenoliths  pyroxenites, 
and  lherzolites.  Udachnaya  pipe. 


The  similar  ferruginosity  distribution  is  also  peculiar  for  the  garnets  from  xenoliths  of  various  types 
from  Mir  and  Obnazhennaya  kimberlite  pipes. 

CLINOPYROXENE.  Generally,  the  composition  of  clinopyroxenes  is  mostly  individual  for  each  of 
the  studied  kimberlite  bodies.  It  should  be  noted  that  there  is  no  excess  of  Cr+Al  above  Na  in 
clinopyroxenes  from  Mir  xenoliths,  which  indicates  that  A1  content  is  bound  in  jadeite  molecule,  and 
the  Ca-T chermak-component  is  practically  absent  (Fig.3).  On  the  contrary,  the  significant  excess  of 
Cr+Al  above  Na  in  clinopyroxenes  from  a  particular  part  of  piroxenites  and  lherzolites  from 
Udachnaya  and  Obnazhennaya  kimberlite  pipes  is  an  indicator  of  detectable  amounts  of  A11V. 
Besides,  in  Udachnaya  and  Obnazhennaya  kimberlite  pipes  the  field  of  compositions  of 
clinopyroxenes  from  pyroxenites  limits  the  field  of  compositions  of  clinopyroxenes  from  lherzolites 
in  the  area  of  high  values  of  Ca/(Ca+Mg)  (orthopyroxenites  and  vebsterites)  and  in  the  area  of  low 
values  of  Cr/(Cr+Al)  (clinopyroxenites)  (Fig. 4).  In  this  case  the  value  of  Cr/(Cr+Al)  ratio  in 
clinopyroxenes  from  Udachnaya  lherzolites  is,  as  a  rule,  not  less  than  15-20%.  As  for  Obnazhennaya 
pipe,  this  limit  is  about  9-10%  Cr/(Cr+Al).  On  the  contrary,  the  field  of  clinopyroxenes  from  Mir 
lherzolites  completely  overlaps  the  compositions  of  clinopyroxenes  from  pyroxenites.  The  absence  of 
high-chromous  varieties  is  a  further  peculiarity  of  clinopyroxenes  from  Obnazhennaya  xenoliths. 
Thus,  if  in  Mir  and  Udachnaya  kimberlite  pipes  the  value  of  Cr/(Cr+Al)  ratio  in  clinopyroxenes  may 
reach  50-60%  (Fig. 4),  the  same  value  for  xenoliths  from  Obnazhennaya  pipe  does  not  exceed  33% 
for  lherzolites  and  22.3  for  pyroxenites. 

In  clinopyroxene  from  two  xenoliths  of  garnet  clinopyroxenites  from  Udachnaya  pipe  a  detectable 
admixture  of  K20  (0.3  and  0.5  wt.%)  is  marked.  According  to  experimental  data  such  rocks  could  be 
formed  only  at  super-high  pressures  (not  less  than  50  kbar.). 

According  to  our  data,  the  minerals  from  garnet  clinopyroxenites  significantly  differ  in  composition 
from  the  corresponding  minerals  of  the  rocks  of  eclogite  paragenesis  (Kuligin,  1977).  Unlike  to 
clinopyroxenes  from  garnet  eclogites,  clinopyroxenes  from  garnet  clinopyroxenites  do  not  fall  within 
the  field  of  compositions  of  omphacite.  Ferruginosity  of  garnet  and  pyroxene  from  pyroxenites  is,  as 
a  rule,  significantly  lower,  than  ferruginosity  of  the  corresponding  eclogite  minerals  (fig.  5).  Unlike  to 
the  minerals  from  eclogites,  the  minerals  from  clinopyroxenites  have  a  significant  admixture  of 
chromium,  reaching  6.5-7wt.%  Cr203  in  garnets  and  it  is  usually  less  than  0.25-0.4  (Kuligin,  1977). 
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#eclogites  o  clinopyroxenites 

Figure  5.  Ferruginosity  ratio  (in  %)  of  garnet  and 
coexisting  clinopyroxene  from  xenoliths 
clinopyroxenites  and  eclogites. 


ORTHOPYROXENE.  Though  the  rages  of 
compositional  variations  of  orthopyroxenes 
from  lherzolites  are  somewhat  greater, 
orthopyroxenes  from  pyroxenites  are  closely 
related  to  orthopyroxenes  from  granular 
pyrope  and  spinel-pyrope  lherzolites  in  Al,  Cr, 
Na  and  Ca  content.  As  for  Udachnaya 
kimberlite  pipe,  orthopyroxenes  from 
magnesian-ferriferous  vebsterites  are 
exceptional.  Having  the  variations  of  Al203(1.4- 
2.4  wt.%),  Cr2O3(0. 1-0.4  wt.%)  and  CaO(0.1- 
0.3  wt.%)  contents  close  to  those  of  lherzolites, 
orthopyroxenes  of  this  variety  are  much  more 
ferruginous  (Fe+2/(Fe+2+Mg)=  1 5-24.4%) 

(Kuligin,  1997).  Orthopyroxenes  with  such  high 
ferruginosity  are  not  found  in  any  of  the 
varieties  of  garnet  peridotites. 

In  Mir  and  Obnazhennaya  kimberlite  pipes  there 
are  no  significant  differences  in  the 


compositions  of  orthopyroxenes  from  lherzolites  or  pyroxenites. 

The  peculiarities  of  mineral  composition  and  P-T  parameters  of  equilibrium  of  xenoliths  pyroxenites 
allow  us  to  make  a  conclusion  that  pyroxenites  are  present  in  vertical  section  of  lithospheric  part  of 
the  Upper  Mantle  of  central  parts  of  Yakutian  kimberlite  province  (Malo-Botuobinsky  and  Daldyn- 
Alakitsky  regions)  from  the  crust-mantle  boundary  (50  km)  up  to  the  depth  of  about  250  km,  this 
fact  indicates  the  deep-seated  character  of  their  parental  melt. 


References 

Kuligin,  S.S.,  1997,  Complex  of  xenoliths  pyroxenites  from  kimberlites  of  different  parts  of  Siberian 
Platform.  Thesis,  Novosibirsk,  22  p. 

Serenko,  V.P.,  and  Kharkiv,  A.D.,  1974,  Petrography  and  mineralogy  of  xenoliths  pyroxenites  from 
Udachnaya  kimberlite  pipe.  Problems  of  petrography  and  mineralogy  of  basic  and  ultrabasic  rock  of 
Eastern  Siberia:  Irkutsk,  p.  12-23. 

Sobolev,  N.V.,  1974,  Deep-seated  inclusions  in  kimberlites  and  the  problem  of  the  Upper  Mantle 
composition:  Novosibirsk,  Nauka,  263  p. 

Solov'eva,  L.V.,  and  Vladimirov,  B.M.,  et  al.,  1994,  Kimberlites  and  kimberlite-like  rocks:  the  Upper 
Mantle  substance  under  ancient  Platforms:  Novosibirsk,  Nauka,  256  p. 

Spetsius,  Z.V.,  and  Serenko,  V.P.,  1990,  Composition  of  continental  Upper  Mantle  and  lowermost 
strata  of  the  crust  under  Siberian  Platform:  Moscow,  Nauka,  272  p. 

Ukhanov,  A.V.,  Pyabchikov,  I  D.,  and  Kharkiv,  A.D.,  1988,  Lithospheric  Mantle  of  Yakutian 
kimberlite  province:,  Moscow,  Nauka,  286  p. 


482 


Experiments  on  explosive  interaction  of  molten  kimberlite  with  injected  water 

Kurszlaukis,  S.1’2,  Lorenz,  V.1,  Zimanowski,  B.1,  and  Blittner,  R.1 

1.  Physikalisch  Vulkanologisches  Labor,  Institut  fur  Geologie,  Universitat  Wurzburg,  Pleicherwall  1,  D-97070 
Wurzburg,  Germany 

2.  now  at  Anglo  American  Research  Laboratories  (PTY)  Ltd.,  P.O.Box  106,  Crown  Mines,  2025  South  Africa 

Kimberlite  magma  intruded  continental  cratonic  and  pericratonic  as  well  as  overlying  rocks  in 
dykes  (and  associated  sills)  and  consolidated  to  form  the  igneous  subvolcanic/hypabbyssal  rock 
kimberlite.  Kimberlite  dykes  in  upper  crustal  levels  (basement  and  sedimentary/volcanic  cover) 
have  an  ordinary  thickness  of  between  several  cm  and  several  m  and  even  0.5-3  km  below  the 
Earth's  surface  may  extend  horizontally  for  up  to  several  tens  of  km.  Very  localized,  but 
frequently  associated  with  near-surface  emplacement  of  dykes,  kimberlite  magma  fragmented 
and  formed  kimberlite  maar-diatreme  volcanoes.  Such  dykes  and  maar-diatreme  volcanoes 
usually  occur  in  clusters  and  can  be  looked  at  as  near  surface  features  of  a  kimberlite  volcanic 
field.  Owing  to  the  fact  that  kimberlite  volcanic  activity  occurred  from  Precambrian  until  early 
Tertiary  time,  no  original  volcanic  deposits  survived  erosion,  neither  from  the  kimberlite  dykes 
nor  from  the  kimberlite  maar-diatreme  volcanoes  -  with  the  possible  exception  of  Kasami  in  the 
Kenieba  Field  in  Mali  and  at  Igwisi  in  Tanzania  (Nixon,  1995).  Thus  the  volcanoes  fed  directly 
by  dykes,  i.e.  scoria  cones  and  lava  flows,  may-be  even  small  shield  volcanoes,  and  the  tephra 
rings  surrounding  kimberlite  maars  unfortunately  have  been  eroded. 

Formation  of  the  kimberlite  maar-diatreme  volcanoes  is  due  to  intensive  fragmentation  of  the 
kimberlite  magma  and  of  most  of  those  country  rocks  which  originally  occupied  the  space  of  the 
diatreme.  In  models  on  the  formation  of  kimberlite  pipes,  fragmentation  of  the  kimberlite  magma 
is  assumed  to  have  been  the  result  either  of  explosive  exolution  of  volatile  phases  (Clement, 
1982;  Clement  and  Reid,  1989),  of  explosive  interaction  of  kimberlite  magma  with  groundwater 
(Lorenz,  1975,  1998;  Lorenz  et  al.,  1994;  Nixon,  1995),  or  of  a  combination  of  these  magmatic 
and  phreatomagmatic  processes.  Whereas  it  is  increasingly  accepted  that  maars  and  diatremes 
of  magmas  of  any  other  composition,  i.e.  acid  to  basic,  ultrabasic  and  ultramafic,  as  well  as 
carbonatitic,  are  phreatomagmatic  in  origin,  the  dispute  on  the  origin  of  kimberlite  pipes  is  still 
continuing. 

Any  model  on  the  origin  of  kimberlite  pipes  must  account  for  the  following  aspects  typical  for 
these  pipes:  the  general  lack  of  vesicles  in  the  juvenile  kimberlite  clasts;  many  kimberlite  clasts 
are  spherical  in  shape  owing  to  the  action  of  surface  tension;  high  percentage  of  country  rock 
clasts  requiring  explosive  crushing  processes;  occurrence  of  country  rock  breccias  in  the  root 
zones;  emplacement  of  the  diatreme  rocks  at  low  temperatures;  serpentinisation  of  the 
kimberlite  clasts  and  matrix  through  the  action  of  groundwater;  late  high-level  non-explosive 
intrusive  dykes  and  plugs  within  kimberlite  diatremes.  Furthermore,  in  many  kimberlite  pipes 
the  occurrence  of  thinly  bedded  primary  pyroclastic  deposits  points  to  a  multiple  eruptive  activity 
during  emplacement  of  the  pipes. 

In  order  to  test  the  potential  of  kimberlite  melt  for  explosive  phreatomagmatic  eruptions 
hypabbyssal  kimberlite  from  the  central  plug  from  the  Hanaus  2  diatreme  of  the  Gibeon 
Kimberlite  Province  in  southern  Namibia  was  remelted  and  water  was  injected  to  induce  an 
explosive  interaction.  These  experiments  were  performed  in  the  TEE-II  Lab  at  Wurzburg 
(Zimanowski  et  al.,  1997a).  In  Wurzburg  and  previously  in  the  TEE-Haus  at  the  IKE  Stuttgart 
alltogether  more  than  1000  experiments  were  successfully  performed  on  the  explosive 
interaction  (MFCI)  between  molten  fuels  of  diverse  compositions  and  the  coolant  water:  Metal 
melts:  Lead,  Copper,  Tin,  Gallium,  Iron,  Iron  Oxyde;  Salt  (NaCl),  Carbonate  (Na2CC>3,  K2CO3  ) 
and  a  simplified  Lengaite  composition,  and  finally  diverse  silicate  rocks:  basaltic  andesite, 
tholeiite,  olivine  tholeeite,  basanite,  nephelinite,  and  olivine  melilitite.  Most  of  the  experiments 
were  performed  using  olivine  melilitite,  because  of  two  reasons:  1.  this  composition  is  of  general 
relevance  for  basic  to  ultrabasic  magmas.  2.  its  rheological  properties  allow  the  realization  of  a 
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wide  range  of  hydrodynamic  contact  conditions  (magma/water)  on  a  relatively  small 
experimental  scale. 

Our  experiments  were  performed  in  inductively  heated  crucibles  (5  to  10  cm  wide,  7  to  12  cm 
deep)  within  which  the  melts  were  prepared.  Up  to  50  ml  of  purified  water  at  room  temperature 
was  injected  into  the  respective  melt  at  injection  velocities  up  to  20  m/s  (Zimanowski  et  al., 
1997b).  Consequently  thermal  explosions  ocurred,  either  spontaneously  or  initiated  by  the 
application  of  a  triggering  pressure  pulse.  The  explosions  were  monitored  using  high  resolution 
measurement  techniques.  The  experimentally  produced  "pyroclasts"  were  sampled  and 
evaluated  in  respect  to  their  modes  of  formation. 

After  15  years  of  experimental  studies  the  thermo-hydraulic  explosion  model  was  formulated 
(Buttner  and  Zimanowski,  1998),  explaining  the  physical  observations  as  follows:  Phase  1, 
hydrodynamic  mixing  of  water  and  melt  under  stable  vapour-film  boiling  conditions  leading  to 
explosive  premixes  of  cm  to  dm  size  water  domains  with  wavy  surfaces  dispersed  in  excess 
melt.  Phase  2,  induction  and  propagation  of  a  rapid  breakdown  of  the  insulating  vapour  films 
leading  to  the  "direct  contact"  of  both  incompressible  liquids,  and  thus  to  a  thermal  and 
mechanical  coupling.  Phase  3,  melt  fragmentation,  escalative  heat  transfer,  and  superheating  of 
water  in  a  positive  feedback  loop  leading  to  the  emission  of  high  energy  explosion  shock  waves. 
Phase  4,  expansion  and  decoupling  of  the  system  by  quantitative  vaporization  of  the  water 
leading  to  the  ejection  ("eruption")  of  the  system  and  to  further  fragmentation  of  the  melt.  Only 
about  10%  of  the  total  kinetic  energy  was  released  during  Phase  4,  whereas  nearly  90%  was 
emitted  during  Phase  3  in  the  form  of  shock  waves  and  seismic  energy. 

The  kimberlite  used  in  the  experiments  is  derived  from  the  central  plug  in  Hanaus  2  diatreme 
(Kurszlaukis  et  al.,  1998a).  The  non-vesicular  plug  has  a  diameter  of  about  15  m  and,  at  its 
northern  margin,  shows  well  developed  vertically  oriented  flow  banding,  displayed  by  zones  of 
larger  and  smaller  altered  olivines.  It  is  from  this  margin  that  the  xenolith-free  samples  were 
taken.  The  plug  was  emplaced  at  a  depth  inside  the  diatreme  in  a  non-explosive  fashion  near  the 
basal  level  of  the  Karoo  sediments  which  unconformably  overly  the  Cambrian  Nama  shales,  i.e. 
the  plug  is  exposed  at  a  depth  of  about  400  m  below  the  original  surface  of  Karoo  sediments  at 
the  time  of  the  diatreme  emplacement.  If  the  plug  reached  the  crater  floor  and  formed  a  scoria 
cone  or  lava  lake  inside  the  maar  crater  of  Hanaus  2  is  unknown  of  course. 

For  the  experiments  the  kimberlite  was  granulated  and  melted  (130  ml)  inside  a  ZrCh-Mo 
crucible  at  temperatures  of  1600°  C  (Kurszlaukis  et  al.,  1998b).  Durning  the  process  of  melting 
no  decomposition  and  only  minor  degassing  was  observed  and  a  low  viscosity  melt  (<  1  Pas) 
was  obtained.  A  sample  taken  from  this  melt  and  quenched  in  air  displayed  some  vesicles, 
probably  due  to  liberation  of  CO2  and  H2O  from  carbonate  and  hydrate  phases.  The  usual 
procedure  then  was  followed  with  injection  of  15  ml  of  water  (at  4.2  m/s)  at  a  depth  of  6  cm 
below  the  melt  surface  and  application  of  a  low  energy  trigger  signal  (<  10  J).  In  each 
experimental  run  a  very  strong  explosion  occurred,  releasing  kintetic  energy  of  up  to  22  000  J. 
The  strongest  explosions  even  destroyed  the  crucibles,  thus  formation  of  "country  rock  clasts“ 
occurred. 

Further  experiments  with  another  sample  from  the  same  locality  had  to  be  run  at  higher 
temperature.  During  heating  of  this  material  some  decomposition  was  observed.  This  effect  may 
be  explained  by  an  inhomogeneous  composition  of  the  plug. 

When  a  sample  from  a  xenolith-bearing  kimberlite  from  Wesselton  Pipe,  South  Africa,  was 
tested,  it  did  not  even  melt  but  dissociated  only. 

Implications  of  the  experiments  are:  1.  In  principle  magmatic  kimberlite  can  be  melted  at 
atmospheric  conditions.  2.  In  explosion  experiments  the  kimberlite  proved  to  be  even  more 
explosive  than  the  previously  used  remelted  volcanic  rocks.  3.  The  explosions  also  support  the 
model  of  formation  of  kimberlite  diatremes  by  phreatomagmatic  explosions  under  suitable 
hydrogeological  conditions.  4.  The  shock  waves  generated  by  the  thermo-hydraulic  explosions 
have  the  quality  to  be  the  cause  for  the  fragmentation  of  large  amounts  of  country-rocks  which 
occur  in  diatremes.  5.  The  space  where  kimberlite  magma  and  water  interact  explosively  will  be 
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the  transition  of  the  kimberlite  dyke  to  the  diatreme.  The  final  site  of  explosions  will  be 
preserved  as  the  root  zone  of  the  diatreme  (Lorenz  and  Kurszlaukis,  1997).  6.  The  very  fine 
angular  fragments  which  transferred  their  heat  into  the  water  are  most  unstable  and  will  alter 
most  easily  during  influx  of  groundwater  into  the  diatreme,  thus  they  cannot  be  recognized 
anymore. 

Outlook:  For  a  systematic  approach  a  larger  series  of  experiments  has  to  be  performed  on 
explosive  interaction  of  kimberlite  melt  with  water  in  order  to  study  the  many  different  aspects 
of  these  explosions  and  their  similarities  with  and  differences  to  explosions  of  rather  similar 
rock  melts  such  as  from  olivine  melilitite  and  nephelinite.  Kimberlites  from  different  provenance 
should  be  investigated.  In  addition  kimberlites  which  decompose  during  heating  should  be 
analyzed  in  order  to  find  out  what  was  their  original  composition. 
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Mantle-derived  zircons  from  the  Drybones  Bay  kimberlite,  Slave  craton,  Canada  and  the  Kaalvallei 
and  Leicester  kimberlites,  Kaapvaal  craton,  South  Africa  have  diverse  multi-stage  origins.  SEM 
backscattered  electron  (BSE)  and  cathodoluminescence  (CL)  imaging  when  combined  with  U-Pb  age 
determinations  provide  precise  information  on  the  growth,  fragmentation  and  ascent  histories  of 
individual  zircon  megacrysts.  Sharply  defined  oscillatory  and  sector  zoning  patterns  are  preserved  in 
zircons  from  all  three  kimberlites  and  reveal  that  most  megacrysts  have  complex  growth  histories. 

The  Drybones  Bay  kimberlite  was  discovered  in  1994,  as  a  result  of  work  by  David  Smith  of 
Yellowknife.  The  kimberlite  is  ca.  900m  long  by  400m  wide,  and  consists  of  three,  closely  related, 
but  separate  intrusions,  all  diamond-bearing.  Indicator  minerals  and  xenoliths  indicate  the  intrusions 
sampled  upper  mantle  peridotitic  and  eclogitic  sources.  Crustal  xenoliths  include  numerous  granitoid 
rocks,  with  minor  gabbro  and  lower  crustal  granulites.  Abundant  zircon  megacrysts  have  been 
identified  in  drill  core,  dense  media  separation  concentrates  and  caustic  fusion  residues  from  the 
kimberlites.  Many  zircon  grains  are  homogeneous  in  both  BSE  and  CL  images.  Others  display  a 
diffuse  CL  response  related  to  fracture  sets  or  grain  boundaries  and  some  have  weakly  defined, 
irregular  zoning  patterns.  A  few  grains  have  sharply  defined,  fine  scale  oscillatory  zones.  Some 
zircon  and  ilmenite  grains  have  a  two-stage  history  of  early  crystal  growth  followed  by  deformation 
and  recrystallization  forming  polygonal  arrays  of  newly  grown  zircon  and  ilmenite  along  subgrain 
boundaries.  Fragmentation  followed  by  reactions  with  fluids  or  kimberlitic  magmas  resulted  in 
desilicification  of  zircon  along  grain  margins  and  internal  fracture  sets  to  form  a  porous  intergrowth 
of  Zr02  (baddeleyite)  at  a  sharp  reaction  front.  Coarsening  outwards  baddeleyite-rich  rims  up  to  40 
pm  thick  are  associated  with  apatite,  phlogopite,  serpentine  and  chalcopyrite. 

Individual  mantle  zircons  recovered  from  caustic  fusion  residues  have  been  dated  from  kimberlite 
intersected  in  two  different  drill  holes  at  Drybones  Bay.  The  zircons  have  low  U  (4. 0-9. 9  ppm)  and 
Th  (0.9-13.6  ppm)  contents,  typical  of  mantle  zircon,  and  generally  show  some  degree  of  discordance 
(Davis,  1977).  Six  individual  grains  from  hole  95-7  define  a  discordia  line  with  an  upper  intercept 
age  of  ca.  485  Ma.  Five  zircon  grains  from  hole  95-8  show  less  discordance  and  have  206Pb/238U  ages 
between  437-467  Ma 

The  Leicester  East  and  West  pipes,  40  km  north  of  Kimberley,  South  Africa,  have  supported 
sporadic,  small-scale  diamond  mining  for  about  100  years.  The  east  pipe  has  three  main  phases;  the 
most  abundant  is  a  diatreme  facies  tuffisitic  breccia  classified  as  a  Group  1  monticellite  kimberlite. 
The  next  most  abundant  phase  is  a  marginal  shale-rich  kimberlitic  breccia;  micaceous,  fragment-poor 
hypabyssal  kimberlite  intruded  the  two  breccias.  Davis  (1977)  reported  a  U-Pb  age  of  93.6  Ma  for  a 
zircon  from  Leicester  containing  18.5  ppm  U.  Zircons  ranging  in  size  from  4  to  10  mm  were 
recovered  from  pan  concentrates  from  Leicester  East  kimberlites  during  bulk  sampling  in  the  period 
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1992-1994.  Other  minerals  present  in  the  concentrates  include  chrome  diopside,  ilmenite,  chromite, 
corundum  and  three  garnet  populations  (peridotitic,  eclogitic  and  megacrystic  suites). 

Leicester  zircons  range  in  colour  from  pale  to  dark  amber  and  display  yellow-orange  fluorescence  in 
short  wavelength  UV  light.  Most  have  frosted  or  white  baddeleyite-coated  surfaces  and  several  are 
partly  coated  by  black  zirconolite.  BSE  images  indicate  baddeleyite-rich  reaction  rims  up  to  50pm 
wide  contain  crystals  oriented  perpendicular  to  the  zircon  surface.  In  addition  to  coarsening  outward 
arrays  of  baddeleyite  crystals,  the  rims  contain  abundant  clinopyroxene  and  minor  apatite  and 
phlogopite.  CL  images  show  the  zircon  grains  are  fractured  pieces  of  larger  crystals;  sector  and 
oscillatory  zones  within  crystals  are  irregularly  truncated  by  baddeleyite  rims.  One  zircon  fragment 
has  a  well  defined  oscillatory  zoning  pattern  throughout,  visible  as  sharply  bounded  zones  about  50- 
100pm  wide.  Uniform  groups  of  up  to  10  rhythmic  zones  are  separated  by  smaller  groups  of  bright- 
CL  zones.  The  event  that  broke  up  the  original  crystal  left  a  shattered  zircon  sliver  still  attached.  This 
sliver  contains  a  conjugate  array  of  fractures  along  which  zircon  is  variably  replaced  by  baddeleyite 
and  then  sealed  by  clinopyroxene:  Another  zircon  grain  has  a  homogeneous  dark-CL  core  and  a 
complexly  zoned  rim  characterized  by  well  defined  sector  zoning  and  fine-scale  oscillatory  zoning. 
During  growth,  a  calcite  grain  (90x250  pm)  was  incorporated  onto  the  surface,  causing  a  break  in  the 
zoning  pattern.  Subsequently,  the  calcite  inclusion  was  locally  modified  along  its  margins  by  a 
reaction  involving  zircon  breakdown  to  form  spongy  baddeleyite  plus  clinopyroxene  and  an 
unidentified  Na,K-bearing  zirconosilicate. 

The  Kaalvallei  kimberlite  is  located  10  km  southeast  of  Welkom,  S.  Africa.  The  host  kimberlite  is  a 
circular  pipe  ca.  160  m  in  diameter.  High  quality  diamonds  were  recovered  from  open  pit  and 
underground  workings.  Large  mantle  zircon  grains,  up  to  2  cm  in  size,  were  also  recovered  and  range 
in  colour  from  pale  pink  to  various  shades  of  amber.  A  few  display  sharply  bounded  colour  domains 
from  amber  to  near  colourless.  Many  grains  have  a  partial  or  complete  grey  baddeleyite  coating. 
Other  minerals  present  in  the  concentrate  include  megacrystic  and  eclogitic  garnets,  chrome  diopside, 
ilmenite,  chromite,  and  pyrite.  Both  peridotite  and  diamond-bearing  eclogite  xenoliths  have  been 
recovered. 

CL  images  of  Kaalvallei  zircons  show  that  the  amber  to  near  colourless  domains  can  record  either  a 
two-stage  history  of  crystal  growth,  from  a  homogeneous  core  to  a  sector  zoned  rim,  or  the  colour 
change  defines  a  sector  zone  boundary.  Sector  zoned  crystals,  originally  >5  cm  in  length,  were 
fragmented  prior  to  development  of  baddeleyite  rims.  In  one  grain,  the  dark-CL  sector  contains 
evenly  spaced,  oscillatory  zones  down  to  a  few  microns  wide,  with  as  many  as  fifty  minor 
oscillations  separating  distinctive  couplets  that  may  record  competing  diffusion  controlled  processes 
at  the  surface  of  the  growing  crystal.  The  zircon  grains  contain  large  (100-400  pm),  rounded  calcite 
and  ilmenite  inclusions.  Locally,  baddeleyite  and  clinopyroxene  form  discontinuous  reaction  zones 
along  calcite-zircon  contacts.  Ilmenite  inclusions  (up  to  1mm  in  size)  have  a  partial  rim  of  calcite, 
zirconolite,  a  Na-Ca  zirconosilicate,  Ti-rich  baddeleyite  and  minor  phlogopite.  Internally,  many 
zircon  grains  contain  fracture  sets  characterized  by  a  dendritic  network  of  hollow  channel  ways  with 
euhedral  baddeleyite  grains  in  larger  cavities.  Similar  features  are  present  in  both  Leicester  and 
Drybones  Bay  zircons.  CL  images  indicate  that  limited  diffusion-controlled  alteration  occurs  along 
some  fractures  and  can  be  used  to  define  fracture  sets  of  different  age.  The  outer  baddeleyite  reaction 
rim  is  up  to  375pm  thick  and  consists  of  coarsening  outwards  baddeleyite  crystals  oriented 
perpendicular  to  the  contact,  separated  by  calcite,  apatite  and  clinopyroxene  -  the  largest  baddeleyite 
needles  are  about  120x25  pm  in  size.  One  7x4  mm  euhedral  zircon  grain  has  been  identified.  It  has  a 
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two-stage  growth  history  and  an  unusual,  thin  baddeleyite  rim  associated  with  development  of  sub¬ 
rounded  flat  bottom  pits  ca.  150  pm  in  diameter.  Baddeleyite  in  these  pits  form  a  radial  array  of 
crystals.  Penetration  of  the  baddeleyite  reaction  front  into  the  zircon  crystal  is  to  some  extent 
controlled  by  the  compositional  zoning  as  the  reaction  front  is  observed  to  stop  at  specific  chemical 
boundaries  within  the  crystal.  Baddeleyite  crystals  show  bright  luminescence  in  Cl  images  of 
Kaalvallei  zircons,  and  are  brighter  than  zircon.  In  contrast,  baddeleyite  associated  with  Drybones 
Bay  and  Leicester  zircons  are  only  weakly  luminescent,  and  are  darker  than  zircon. 

Mantle  zircons  are  less  susceptible  to  chemical  and  isotopic  disturbance  than  most  other  minerals 
transported  in  kimberlites.  CL  images  of  zircons  are  sensitive  to  variations  in  rare-earth  elements 
(REE)  and  recent  studies  of  REE  diffusion  in  zircon  indicates  they  are  essentially  immobile  under 
most  geologic  conditions  (Cherniak  et  al.,  1997).  Preservation  of  sharply  defined  oscillatory  and 
sector  zones  in  mantle  kimberlites  from  Drybones  Bay,  Leicester  and  Kaalvallei  suggest  that  primary 
trace  element  zoning  patterns  and  zircon  growth  histories  are  preserved  in  mantle  zircons  despite  the 
fact  that  they  resided  for  some  time  under  high-temperature  mantle  conditions  and  were  subjected  to 
subsequent  deformation-controlled  recrystallization,  fragmentation,  alteration  and  desilicification 
prior  to  transport  in  the  kimberlite  magma. 

U-Pb  results  for  Drybones  Bay  zircon  fragments  indicate  that  multiple  crystallization  events  occurred 
over  at  least  a  40  m.y  period  between  485  and  440  Ma.  Specific  ages  are  not  yet  linked  to  multi¬ 
stage  histories  identified  in  CL  and  BSE  images,  but  new  determinations  are  targeted  to  provide  ages 
for  each  event.  Previously,  mantle  zircon  U-Pb  ages  were  interpreted  to  establish  the  timing  of 
kimberlite  emplacement  based  partly  on  the  assumption  that  U-Pb  systematics  are  continuously  reset 
under  upper  mantle  conditions  prior  to  transport  to  the  surface  (Davis  et  al.,  1980).  SHRIMP  U-Pb 
ion-probe  results  for  some  mantle  zircon  grains  demonstrate  that  old  pre-eruption  ages  can 
occasionally  be  preserved  (Kinny  et  al.,  1989;  Kinny  and  Meyer,  1994).  The  >40  m.y.  range  of  ages 
from  Drybones  Bay  zircons  and  the  sharply  defined  zoning  patterns  in  zircon  fragments  from 
Canadian  and  South  African  kimberlites  could  reflect  the  presence  of  a  pre-eruption  mantle  zircon 
component  in  these  pipes.  However,  the  concordant  U-Pb  zircon  results  in  one  sample  indicate  that 
there  has  been  negligible  post-440  Ma  Pb-loss,  supporting  a  ca.  440  Ma  emplacement  age  for  the 
Drybones  Bay  kimberlite.  Mantle  zircon  grains  and  the  baddeleyite  rims  that  armour  them  are  unique 
in  their  ability  to  retain  information  about  processes  within  the  deep  lithosphere  and  uppermost 
asthenosphere.  Mantle  zircon  grains  investigated  from  Drybones  Bay,  Leicester  and  Kaalvallei 
preserve  detailed  information  about  the  timing  and  nature  of  mantle  processes  that  modified  the 
mantle  beneath  the  Slave  and  Kaapvaal  cratons  prior  to  kimberlite  emplacement. 
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Are  inflected  geotherms  real? 
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High  temperature  sheared  peridotites  (HTSPs)  plot  on  an  inflected  or  kinked  geotherm  for 
most  methods  of  calculation  as  shown  in  Fig.  1  (see  Finnerty  and  Boyd,  1987).  They  are 
distinguished  from  the  low  temperature  granular  peridotites  (LTPs)  by  having  higher  equilibration 
pressures  and  temperatures,  sheared  deformation  textures  (Bouiller  and  Nicolas,  1973),  and  more 
fertile  compositions  (Boyd,  1973).  Their  uniqueness  is  further  illustrated  by  a  gap  in  P-T  space 
between  the  LTPs  and  the  HTSPs,  a  correlation  between  the  depth  of  the  kink  and  thermal  state  of 
the  mantle  (Boyd  and  Gurney,  1986),  and  calculated  temperatures  which  are  higher  than  mantle 
adiabatic  temperatures  for  a  given  depth. 

Interpretation  of  the  HTSPs  has  been  controversial.  A  popular  belief  has  been  that  the 
HTSPs  are  samples  from  the  top  of  the  fertile,  convecting  asthenosphere  (Basu  et  al.,  1986).  In  this 
sense,  the  kink  is  interpreted  to  be  an  ambient  feature  (Boullier  and  Nicolas,  1973),  although  shear¬ 
heating  has  been  advocated  by  others  (Kesson  and  Ringwood,  1989).  However,  it  is  now 
established  from  Re-Os  isotope  studies  that  there  exists  no  fundamental  difference  between  the 
HTSPs  and  the  peridotites  which  lie  above  them  (Walker  et  al.,  1989;  Pearson  et  al.,  1995).  Instead, 
the  more  fertile  character  of  the  HTSPs  are  likely  to  be  related  to  reaction  with  the  host  magma 
(Harte,  1983).  Such  samples  do  not  represent  fertile,  convecting  asthenosphere.  Moreover,  if  the 
pressures  and  temperatures  calculated  for  the  HTSPs  are  real,  then  the  presence  of  a  kink  in  a 
geotherm  requires  that  the  conditions  that  formed  them  must  be  transient.  Preserved  chemical 
zoning  profiles  in  many  mineral  grains  further  indicate  that  many  of  the  characteristics  of  the  HTSPs 
are  imparted  shortly  before  entrainment  into  the  host  magma  (Smith,  1988). 

o  Fig.  1  Equilibration  pressures  and 
temperatures  for  gt-bearing 
xenoliths  from  one  kimberlite  in 
60  5  Lesotho,  South  Africa  (Nixon  and 
Ij,  Boyd,  1973)  using  A)  a  gt-cpx 

f  thermometer  (Ellis  and  Green, 
_  1979)  and  a  Al-in-opx  barometer 
120  (Harley  and  Green,  1982),  and  B) 
a  two-px  thermometer  and  a  Al- 
180  in-opx  barometer  (Brey  and 
800  900  iooo  noo  1200  1300  1400  1500  800  900  iooo  iioo  1200  1300  1400  isoo  1600  Kohler,  1990). 

Temperature  (Celsius) 

Is  the  kinked  geotherm  an  artifact  of  disequilibrium  thermobarometry? 

Certain  features  of  the  HTSPs  appear  to  have  originated  shortly  before  eruption.  Could  the 
kinked  geotherm  be  an  artifact  of  disequilibrium  thermobarometry?  I  propose  as  a  working 
hypothesis,  that  the  HTSPs  represent  samples  which  have  undergone  short-lived  isobaric  heating. 
Heating  by  the  host  magma  has  been  advocated  by  others  as  well  (Gurney  and  Harte,  1980). 

I  examined  the  Ellis  and  Green  gt-cpx  exchange  thermometer  (TEG)  (1979)  and  the  Harley 
and  Green  Al-in-opx  gt-opx  barometer  (PHG)  (1982),  which  are  among  the  coupled  equations 
which  give  inflected  geotherms.  The  TEG  thermometer  depends  primarily  on  the  exchange  of  Fe 
and  Mg  between  gt  and  cpx.  The  PHG  barometer  depends  primarily  on  the  Al  solubility  in  opx 
coexisting  with  gt.  Self-diffusion  coefficients  (D)  for  the  divalent  cations,  Mn,  Mg,  and  Fe,  are 
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approximately  10'17  m2/s  at  1200  °C  in  gt  (Loomis  et  al.,  1985).  From  empirical  observations, 
Cohen  et  al.  (1988)  showed  that  diffusion  coefficients  for  divalent  cations  in  cpx  are  comparable. 
The  diffusion  coefficient  of  the  trivalent  cation,  Al,  in  pyroxenes  is  believed  to  be  much  smaller 
than  that  for  divalent  cations.  Sautter  et  al.  (1988)  deduced  from  experiments  that  DM  in  diopside 
was  10'21  m2/s  at  1200  °C  while  Smith  et  al.  (1991)  found  a  value  of  10‘25  at  800  °C  for  opx.  For 
1200  °C,  a  value  of  8x1  O'20  m2/s  for  DM  in  opx  is  obtained.  Diffusion  modeling  studies  of 
preserved  trace-element  zoning  in  mineral  grains  from  HTSPs  indicate  that  the  thermal  perturbation 
lasted  on  the  order  of  only  hundreds  to  thousands  of  years  (Griffin  et  al.,  1989).  The  approximate 
distance  to  which  a  chemical  perturbation  can  propagate  is  given  by  x  =  VDt  where  x  is  distance 
and  t  is  time.  In  10,000  years  a  divalent  cation  can  propogate  ~1.7  mm  while  a  trivalent  cation  such 
as  Al  propagates  only  0.017  mm.  Since  the  average  radii  of  minerals  in  the  peridotites  are  1-3  mm, 
diffusion  of  Mg  and  Fe  are  significant  while  diffusion  of  Al  can  be  ignored.  Thus,  core 
compositions  can  be  changed  by  diffusion  for  Mg  and  Fe,  but  not  for  Al.  This  implies  that  the  Mg- 
Fe  exchange  thermometer,  TEG,  will  have  responded  considerably  to  our  thermal  perturbation,  and 
thus  isopleths  of  the  equilibrium  constant,  KC=X  X  CJ*/X ®  X ,  will  move  to  higher  temperatures 

in  P-T  space.  But  PHG,  which  relies  on  Al  solubility  in  orthopyroxene,  will  have  barely  responded 
to  the  new  thermal  conditions.  As  a  result,  calculating  Ps  and  Ts  with  equations  based  on  cations 
with  different  diffusional  kinetics  can  lead  to  serious  error.  As  shown  in  Fig.  2a,  “apparent”  Ps  and 
Ts  will  result  in  an  array  of  P-T  points  that  plot  along  the  PHG  isopleth,  over-estimating  pressures 
and  resulting  in  an  artificial  geotherm. 


Temperature  (Celsius) 

800  1000  1200  1400  800  1000  1200  1400  1600 


Fig.  2.  A.  Schematic  illustrating  the  effect  of  disequilibrium  thermobarometry  for  mantle  xenoliths.  When  a  rock  at  A  is 
subject  to  an  isobaric  heating  to  1400  °C  for  short  duration  (<10,000  years),  isopleths  of  the  Mg-Fe  exchange 
thermometer  (TEG)  respond  by  moving  to  higher  temperature,  but  isopleths  of  the  Al-solubility  barometer  (PHG)  do  not 
have  sufficient  time  to  respond  (assumed  here  to  be  frozen).  Since  P  and  T  are  determined  from  the  intersection  of  the 
two  isopleths,  apparent  Ps  and  Ts  will  follow  the  trajectory  from  A  to  C.  Although  the  true  conditions  are  B,  pressures 
will  be  overestimated,  leading  to  an  artificial  geotherm.  Gray  regions  represent  the  data  from  Figure  1.  B.  Results  of 
diffusion  modeling  where  TEG  isopleths  as  a  function  of  time  (years)  are  calculated  from  compositions  of  coexisting  gt 
and  cpx  cores.  Apparent  Ps  and  Ts  are  calculated  from  the  intersection  of  TEG  and  PHG  isopleths.  Because  Al- 
diffusion  is  so  slow,  PHG  isopleths  are  assumed  to  be  frozen,  which  gives  a  maximum  value  for  apparent  pressures. 
Diffusion  modeling  assumes  exchange  of  Mg  and  Fe  between  spherical  gt  and  cpx  grains  in  a  closed  system.  Initial 
condition  is  specified  by  the  deepest  of  the  LTPs  in  Fig.  1,  and  by  applying  the  boundary  condition  determined  from  the 
equilibrium  compositions  for  an  isobaric  thermal  perturbation  to  1400  °C  and  from  mass  balance  considerations.  Radii 
of  gt  and  cpx  assumed  to  be  2.5  mm,  gt:cpx  assumed  to  be  1:1,  and  the  diffusion  coefficient  for  Mg  and  Fe  for  both 
garnet  and  clinopyroxene  assumed  to  be  10'16  m2/s  at  1400  °C. 

In  Fig.  2b,  I  present  the  results  of  diffusion  modeling  (details  in  figure  caption).  An  inflected 
P-T  array  originating  from  the  deepest  of  the  LTPs  can  be  generated  by  varying  the  duration  of 
heating.  The  array  can  also  be  produced  by  heating  minerals  with  variable  grain  sizes. 
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Additionally,  the  higher  scatter  observed  for  the  HTSPs  can  be  explained  if  there  are  variable 
mineral  cross-sections  revealed  in  thin  sections.  The  gap  in  the  P-T  array  can  be  explained  by  the 
fact  that  TEG  has  more  or  less  responded  to  the  thermal  perturbation.  The  most  important  feature  of 
our  modeling  is  that  isobaric  heating  of  the  deepest  LTP  yields  “apparent”  Ps  and  Ts  which  are  close 
to  those  calculated  for  the  HTSPs.  Note  that  the  assumption  of  a  frozen  PHG  isopleth  gives  a 
maximum  value  for  “apparent”  P.  If  diffusion  is  allowed  to  occur,  then  the  apparent  Ps  will  be 
lower  and  approach  point  B  in  Fig.  2a.  The  working  hypothesis  succeeds  in  explaining  many 
features  of  the  inflected  geotherm.  Could  the  HTSPs  all  be  derived  from  the  same  depth? 
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The  origin  and  demise  of  cratonic  lithosphere: 
a  geochemical  perspective  from  the  Tanzanian  craton 

Lee,  C.-T.1  and  Rudnick,  R.  L.1 
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Geologic  and  geochemical  studies  suggest  that  cratons  are  underlain  by  an  anomalously 
thick,  cold  lithosphere  and  that  such  lithosphere  can  be  stable  over  timescales  greater  than  two 
billion  years.  Low  temperatures  increase  density,  hence  decrease  the  buoyancy  of  the  lithosphere;  if 
cold  enough,  such  lithosphere  would  be  rapidly  entrained  into  the  convecting  mantle.  The  longevity 
of  cratonic  roots,  however,  requires  an  additional  factor  that  can  compensate  for  the  increased 
density  caused  by  colder  temperatures.  One  possibility  is  that  cratonic  lithosphere  is  intrinsically 
less  dense  than  the  surrounding  mantle  due  to  its  more  depleted  chemical  composition  (Jordan, 
1978),  leading  to  the  popular  notion  that  cratonic  roots  are  regions  of  tectonic  stability  immersed 
within  a  mobile  and  actively  convecting  mantle.  It  is  thus  important  to  address  how  cratonic  mantle 
forms  and  evolves  through  time,  and  moreover,  how  cratonic  mantle  survives  or  is  destroyed  in 
regions  of  continental  breakup  or  collision. 

We  report  here  geochemical  and  petrological  studies  of  mantle  xenoliths  collected  from 
Labait,  a  Quaternary  olivine-melilitite  volcano  located  south  of  Mount  Hanang  on  the  northeastern 
edge  of  the  Tanzanian  craton  (Dawson  et  al.,  1996).  Labait  is  an  attractive  location  to  study  the 
formation  and  evolution  of  cratonic  mantle  for  several  reasons.  First,  its  proximity  to  regions  of 
active  rifting  make  it  a  unique  site  to  assess  the  effects  of  rifting  on  destabilizing  cratonic  mantle. 
Secondly,  Re-Os  systematics  indicate  that  cratonic  mantle  up  to  2.8  Ga  is  still  present  beneath 
Tanzania,  despite  being  surrounded  by  active  rifting  (Chesley  et  al.,  1998);  this  allows  us  to 
interpret  our  results  in  the  context  of  the  formation  of  lithosphere.  Thirdly,  our  research  coincides 
with  ongoing  geophysical  studies  in  the  same  region  (Ritsema  et  al.,  1998),  so  we  can  compare  our 
results  to  tomographic  images  of  the  craton  and  rift.  Finally,  unlike  most  other  cratonic  xenolith 
suites,  the  Quaternary  age  of  Labait  volcano  gives  a  window  to  present-day  mantle  so  that  we  can 
make  direct  comparisons  between  geochemical  and  geophysical  data  sets. 

Samples 

Systematic  sampling  yielded  the  following  xenolith  demographics  at  Labait  (n=l  1 7):  75% 
cumulate  peridotites  (mostly  dunitic),  22%  residual  peridotites,  and  <3  %  granulites,  glimmerites 
and  pyroxenites.  Thirty-seven  fresh  peridotites  consisting  mostly  of  residual  dunites,  harzburgites, 
low-clinopyroxene  lherzolites,  and  wehrlites  were  studied  in  detail.  Primary  phases  include  olivine, 
orthopyroxene,  clinopyroxene  (mostly  in  garnet-bearing  samples),  spinel,  chromite,  garnet  (often 
completely  kelyphitized),  and  phlogopite.  Secondary  phases  from  metasomatic  fluids  or  the  host 
lava  include  phlogopite,  clinopyroxene,  iron  oxides,  sulfides,  rutile,  zircon,  nepheline,  perovskite, 
calcium  carbonate,  and  harmotome.  Zircon  from  a  metasomatic  vein  in  one  sample  gives  a 
Pleistocene  age  (Rudnick  et  al.,  1998),  which  constrains  the  timing  of  at  least  one  phase  of 
metasomatism  to  be  just  prior  to  xenolith  entrainment. 

Results 

Garnet  peridotites  from  the  Kaapvaal  lithosphere  are  known  to  be  highly  enriched  in  silica 
and  orthopyroxene,  unlike  asthenospheric  mantle  (Fig.  1).  This  difference  has  been  used  to  argue 
that  there  is  a  fundamental  difference  in  the  origin  of  cratonic  and  asthenospheric  mantle.  The 
Tanzanian  lithosphere  appears  to  be  slightly  silica-enriched  as  shown  in  a  modal  olivine  versus  Mg# 
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of  olivine  plot,  but  the  degree  of  enrichment  is  not  as  significant  as  seen  beneath  Kaapvaal  (Boyd, 
1989).  Note  that  most  of  the  Labait  garnet-bearing  peridotites  show  relatively  low  silica-enrichment 
and  plot  closer  to  the  “oceanic  trend”.  Modal  olivine  correlates  negatively  with  temperature,  and 
FeO,  CaO,  and  modal  clinopyroxene  correlate  positively  with  temperature  (Fig.  2).  Using 
temperature  as  a  proxy  for  depth,  it  is  clear  that  fertility  increases  systematically  with  depth. 


Fig.  1.  Forsterite  content  of  olivine  versus 
modal  olivine.  Modes  calculated  by  least 
squares  regression  of  whole-rock  and 
mineral  chemistry.  Plotted  are  Tanzanian 
samples  from  Labait  and  Lashaine 
volcanoes,  the  field  of  Kaapvaal  garnet 
peridotites,  and  the  “oceanic  trend”.  Labait 
samples  are  plotted  as  solid  symbols,  with 
squares  and  diamonds  representing  garnet- 
free  and  garnet-bearing  peridotites, 
respectively.  Lashaine  samples  plotted  as 
open  triangles.  Note  that  Lashaine  occurs  in 
the  rift. 


Modal  olivine 

The  simplest  interpretation  is  that  there  is  a  variation  in  the  degree  of  partial  melt  extraction 
with  depth  beneath  Tanzania.  Systematics  between  Re-Os  and  whole-rock  chemistry  indicate  that 
the  entire  mantle  section  beneath  Tanzania  formed  during  a  single  Archean  melting  event,  and  has 
since  remained  relatively  unmodified  (Chesley  et  al.,  1998).  Therefore,  the  depth  variation  in 
fertility  represents  a  decrease  in  melt  depletion  with  depth. 

Other  observations  (described  below)  indicate  that  Fe-enrichment  may  be  locally 
superimposed  on  the  overall  compositional  stratigraphy  (Lee  and  Rudnick,  1997).  In  one  sample,  an 
olivine  included  within  a  former  garnet  is  markedly  more  refractory  (F092.4)  than  the  groundmass 
olivine  (F089.9).  This  olivine  inclusion  is  interpreted  to  represent  the  original  groundmass 
composition,  which  has  remained  shielded  from  chemical  change  by  the  surrounding  garnet.  The 
composition  of  the  groundmass  olivine  is  due  to  Fe-enrichment  of  preexisting  depleted  mantle  by 
silicate  melt.  This  sample  also  records  very  recent  Re-addition  (Chesley  et  al.,  1998),  suggesting 
that  the  overprinting  may  be  related  to  East  African  rifting.  The  presence  of  a  high  percentage  of 
cumulate  xenoliths  further  attests  to  the  passage  of  melts.  In  support  of  local  overprinting  is  the  fact 
that  the  composition  of  samples  at  depth  is  more  heterogeneous,  as  displayed  by  the  presence  of 
both  depleted  and  fertile  garnet  peridotites  and  an  increase  in  variation  of  clinopyroxene  mode  with 
depth  (Fig.  2b).  Fe-enrichment  by  infiltrating  magmas  is  expected  to  lead  to  spatial  heterogeneity 
because  of  the  tendency  for  melts  to  focus  into  dikes  and  veins. 

Implications  for  the  stability  of  cratonic  lithosphere 

Our  observations  have  implications  for  the  dynamic  stability  of  cratonic  lithosphere.  The 
downward  increase  in  fertility  is  equivalent  to  an  increase  in  density.  We  calculated  densities  using 
published  densities  of  mineral  end-members,  their  proportions,  and  their  modes,  and  obtain  an 
average  density  for  the  residual  peridotites  of  3.327  kg/m3  with  deeper  samples  having  densities  up 
to  3.350.  For  comparison,  the  average  density  of  Kaapvaal  garnet  lherzolites  is  estimated  to  be 
3.353  (Jordan,  1978)  -  identical  to  that  of  the  deepest  portion  of  the  Tanzanian  lithosphere.  This 
density  is  believed  to  be  enough  to  counteract  the  negative  buoyancy  imposed  by  the  cooler  thermal 
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state  of  cratonic  lithosphere  based  on  Jordan’s  isopycnic  hypothesis  (1978).  It  thus  appears  that  the 
original  Tanzanian  mantle  was  dynamically  stable  with  respect  to  the  surrounding  asthenospheric 
mantle.  It  is  important  to  note  that  the  original  mantle  was  also  internally  stable  due  to  the 
monotonic  increase  in  density  with  depth.  Whether  this  density  stratigraphy  is  a  direct  result  of 
Archean  melt  extraction  or  a  result  of  advective  turnover  within  the  cratonic  mantle  after  its 
formation  is  uncertain. 

Although  the  Tanzanian  lithosphere  has  remained  intact  for  ~  3  Ga,  interaction  with  magmas 
associated  with  the  East  African  Rift  has  led  to  an  increase  in  density  of  the  mantle  section  by  local 
Fe-enrichment  and  by  crystallization  of  Fe-rich  cumulates  in  veins  and  dikes.  The  latter  process  is 
likely  to  be  the  dominant  mechanism  for  increasing  the  overall  density.  Assuming  that  the  base  of 
the  mantle  section  is  most  prone  to  interaction  with  upwelling  magmas,  addition  of  20-30%  Fe-rich 
cumulates  (-3.400  kg/m3)  is  required  to  reduce  the  positive  buoyancy  of  the  mantle  to  the  point  of 
neutral  buoyancy  (-3.350).  If  the  base  of  the  mantle  section  continues  to  interact  with  the  rift- 
related  magmas,  the  lithospheric  root  may  become  negatively  buoyant  and  delaminate  from  the 
overlying  craton.  The  presence  of  low  seismic  velocities  beneath  Labait  suggests  that  the  effects  of 
rifting  are  currently  propagating  into  the  craton  margins  (Ritsema  et  al.,  1998).  The  high 
temperatures  recorded  in  the  Labait  xenoliths  are  consistent  with  rift-related  heating.  The 
combination  of  high  temperatures  and  Fe-rich  zones  will  decrease  seismic  velocities.  Once  allowed 
to  cool,  the  Fe-enriched  mantle  may  become  gravitationally  unstable. 


Fig  2.  A,  B.  Modal  olivine  and 
clinopyroxene  versus  temperature.  Modes 
calculated  by  least  squares  regression  of 
whole-rock  and  mineral  chemistry.  C,D. 
FeO  and  CaO  versus  temperature.  Note 
the  increase  in  fertility  with  temperature, 
implying  a  compositional  variation  with 
depth.  Arrow  in  C  indicates  direction  of 
Fe-enrichment  superimposed  on  the 
overall  trend.  Diamonds  and  squares  are 
gt-bearing  and  gt-free  peridotites  from 
Labait. 
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The  application  of  Airborne  Electromagnetic  Methods  in  the  search  for  buried 
Kimberlites  and  Diamondiferous  Gravels. 
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1.  Geophysical  Services  Department,  Anglo  American  Corporation  of  South  Africa  Limited,  P.  O.  Box  61587, 
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In  the  past  29  years,  airborne  electromagnetic  methods  have  been  used  in  a  number  of  environments 
around  the  world  in  the  search  for  diamonds.  This  paper  describes  the  various  methods  that  have 
been  used  with  special  emphasis  on  the  use  of  the  SPECTREM  AEM  system  in  this  search. 

Prior  to  1984,  all  AEM  systems  were  analog  systems.  Interpretation  of  the  data  was  largely  a 
manual  process  done  on  analog  records  and  was  therefore  rudimentary  and  time  consuming.  With 
the  development  of  fully  digital  systems  such  as  SPECTREM,  the  nature  of  interpretation  has 
changed  completely.  AEM  anomaly  maps  showing  the  location  of  all  conductors  and  their 
conductivity  thickness  products,  dips,  depths  and  magnetic  associations  amongst  other  things  can 
now  be  generated  within  a  day  or  two  after  flying  an  area.  In  the  search  for  diamonds,  other 
sophisticated  methods  such  as  Conductivity  -  Depth  Imaging  (CDI)  can  be  applied  equally  rapidly. 
This  technique  was  originally  adopted  for  airborne  use  with  the  SPECTREM  system  and  is  now 
being  used  by  most  of  the  other  AEM  contractors. 

There  are  essentially  two  AEM  approaches  which  are  used  in  the  search  for  diamonds.  The  first 
one  is  used  to  detect  kimberlite  directly  by  measuring  the  thickness  and  conductivity  of  the  material 
overlying  the  fresh  kimberlite  itself.  It  is  usually  the  increased  depth  of  weathering  and 
considerably  higher  conductivity  of  the  weathered  kimberlite  compared  to  the  host  rock,  that  enable 
it  to  be  detected  rather  than  any  other  electrical  property  of  the  fresh  unweathered  kimberlite  itself. 

The  second  approach  is  to  detect  buried  river  or  marine  channels  in  which  diamonds  were 
deposited.  Again  these  are  detected  by  measuring  the  thickness  and  conductivity  of  the  relatively 
unconsolidated  sediments  overlying  the  bedrock  channels. 

The  following  examples  show  how  AEM  methods  are  applied  to  solving  these  problems.  The  first 
two  examples  show  the  traditional  use  of  airborne  electromagnetics  to  detect  kimberlites  in  the 
North  West  Territories,  Canada.  These  are  GEOTEM  responses  over  the  Willy-Nilly  and  Point 
Lake  kimberlite  bodies.  In  these  cases,  no  sophisticated  processing  such  as  Conductivity-Depth 
Imaging  was  necessary  since  the  kimberlites  are  very  easily  detected  using  the  AEM  anomaly 
profiles  and  the  apparent  conductivity  map.  Note  that  the  bodies  also  give  coincident  negative 
magnetic  anomalies. 

The  next  example  is  along  the  west  coast  of  southern  Africa  and  here  the  search  problem  was  to 
detect  the  thickness  of  relatively  unconsolidated  shallow  marine  sediments  overlying  bedrock.  The 
data  was  processed  to  Conductivity-depth  images  from  which  the  sediment  depth  was  contoured  in 
order  to  detect  channels  in  the  bedrock  where  alluvial  diamonds  could  be  found. 

The  next  example  in  southern  Africa  consisted  of  a  few  widely  spaced  test  lines  flown  over  thin 
sand  and  Karoo  sediment  cover  underlain  by  Ventersdorp  lavas  which  occasionally  had  conductive 
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black  shale  units  in  them.  This  area  was  flown  with  both  the  SPECTREM  and  DIGHEM  AEM 
systems  so  that  a  comparison  could  be  made  between  them.  The  search  problem  here  was  firstly  to 
map  the  thickness  and  conductivity  of  the  thin  Karoo  cover  present  here,  and  secondly  to  detect 
possible  kimberlites  at  the  base  of  the  Karoo  sediments  which  would  probably  show  up  as  increased 
values  of  thickness  and  conductivity  at  these  localities. 

The  fifth  example  is  also  from  southern  Africa  and  shows  the  direct  detection  of  a  hitherto  unknown 
kimberlite  situated  under  thin  Kalahari  sand  cover.  The  data  from  this  survey  was  flown  with  the 
DIGHEM  system. 

The  sixth  case  study,  also  from  southern  Africa,  was  flown  with  the  SPECTREM  system.  It  shows 
how  Karoo  sediments  can  be  differentiated  from  Stormberg  lavas  under  thin  Kalahari  sand  cover 
using  conductivity-depth  images.  Obviously  this  information  would  be  useful  in  the  direct 
detection  of  kimberlites  under  the  sand  cover. 

In  conclusion,  AEM  methods  have  been  successfully  employed  in  the  search  for  diamonds  around 
the  world.  Because  the  technique  is  more  expensive  than  other  airborne  methods  such  as 
magnetics,  it  usually  used  where  favourable  areas  have  already  been  outlined  by  these  and  other 
methods  and  where  the  geological  environment  is  such  that  airborne  electromagnetics  provides  the 
best  chance  of  success. 
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Kimberlites  and  related  rocks  of  Anabar  region  (Yakutia,  Russia) 
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In  the  North  of  the  Yakutian  kimberlite  province  there  is  the  Anabar  diamond-bearing 
region  including  arc-like  zone  of  kimberlite  volcanism  with  submeridional  orientation,  30-50  km 
wide  and  about  300  km  in  extent.  The  zone  is  located  in  the  junction  zone  of  the  Anabar  anteclise 
and  and  Lena- Anabar  trough  (Fig.  1).  Geologically  the  region  is  built  of  rocks  of  the  Archean 
metamorphic  complex  cut  by  the  intrusive  and  ultrametamorphic  formations  of  different  age  and 
acid,  basic  and  ultrabasic  composition.  On  the  periphery  of  the  shield  there  are  carbonate  and 
terrigenous  deposits  of  the  Upper  Proterozoic,  Cambrian,  Lower  Jurassic  and  Cretaceous  age.  The 
thickness  of  the  sedimentary  cover  in  the  zone  of  occurrence  and  related  rocks  does  not  at  present 
exceed  some  hundred  meters. 

The  zone  consists  of  the  following  fields  extending  from  the  south  to  the  north,  e.g. 
Kuronakh,  Luchakansk,  Djuken,  Ari-Mastakh,  Starorechinsk,  Orto-Iargin.  In  the  north  of  the 
Starorechinsk  field  there  is  the  Nomokhtookh  site  rich  in  pipe  bodies  (over  40  pipes).  The 
exploration  work  indicated  the  boundaries  between  the  fields  to  be  indistinct  or  absent  at  all.  The 
Anabar  zone  is  nearly  a  continuous  band  of  the  Lower  Mesozoic  kimberlite  volcanism.  The  total  of 
kimberlite  bodies  is  1 60,  many  of  them  not  outlined,  their  forms  and  dimensions  determined  from 
magnetic  sounding.  The  main  part  of  kimberlite  volcanic  pipes  has  dimensions  20x10  -  100x50, 
some  of  them  achieving  400x300.  The  dike  and  veins  extend  from  some  tens  to  hundreds  meters,  in 
some  cases  1-2  km,  with  the  thickness  ranging  from  5  to  10  m.  The  majority  of  bodies  have  been 
found  within  the  carbonate  and  terrigenous  cover  of  the  Anabar  massif,  some  bodies  occurring  in 
the  crystalline  massif.  It  was  revealed  that  the  spatial  distribution  of  kimberlite  fields  and 
individual  bodies  (within  fields)  are  much  influenced  by  the  deep-seated  fault  zones. 

The  age  of  kimberlites  is  considered  (Brakhfogel,  1984)  to  be  Middle  Triassic  -  Early 
Jurassic.  The  absolute  age  of  kimberlites  defined  by  different  methods  varies  from  188-238  Ma 
(Rb-Sr  method)  and  223-242+4  Ma  (after  zircon  by  Rb-Sr  method)  to  246+10  Ma  (K-Ar40  method, 
Maisky  pipe). 

In  the  Anabar  zone,  different  authors  distinguished  along  with  kimberlites  the  carbonatites 
(Marshintsev,  1974;  Kornilova  et  al.,  1983),  picritic  poprhyrites  (Milashev,  1974;  Ilupin  et  al., 
1978),  alnoites  (Kornilova  et  ah,  1983).  While  producing  the  classification  of  rocks  the  researchers 
included  the  following  characteristics:  for  carbonatite  it  was  predominance  in  mesostasis  of 
calcite,  for  picrite  porphyrite  -  absence  of  pyrope  and  picroilmenite  phenocrysts  and  development 
in  groundmass  of  titanomagnetite  and  perovskite,  for  alnoite  -  presence  of  montichellite  and 
melilite  as  the  main  minerals  of  rock  along  with  olivine.  In  this  communication  we  have  applied 
this  classification  although  the  authors  doubt  its  correct  application. 

The  proportion  of  different  types  of  rocks  in  kimberlite  fields  is  different  -  from  south  to 
north  the  amount  of  porphyrites,  alnoites  as  well  as  carbonatites  increased.  While  the  southern 
Kuranakh  field  predominantly  consists  of  kimberlites,  the  extreme  northern  fields  (Starorechinsk  - 
Nomokhtokh  site  and  Orto-Iargin)  are  formed  by  porphyrites  and  carbonatites.  Alnoite  is  mostly 
often  found  in  Djuken,  Ari-Mastakh  and  Starorechinsk  fields. 

The  Lower  Mesozoic  kimberlites  and  related  rocks  of  the  Anabar  area  are  close  in  the 
features  of  the  petrochemical  composition  to  spatially  conjugate  Middle  Paleozoic  kimberlites  and 


497 


related  rocks  of  the  northern  fields  of  the  Yakutian  province  and  significantly  differ  from  diamond¬ 
bearing  kimberlites  of  the  Middle  Paleozoic  localized  in  the  southern  part  of  the  province.  The 
Kuronakh  field  is  an  exception  for  its  spatial  vicinity  to  diamond-bearing  Middle  Paleozoic  is 
accompanied  by  similiarity  to  the  latter  of  petrochemical  compositions  of  kimberlites,  at  least  in 
majority  of  pipe  bodies.  In  general,  kimberlites  and  alneites  of  the  Anabar  area  show  very  high 
abundances  of  mafic  and  alkaline  components,  as  well  as  A1203  and  P205.The  content  of  some 
oxides  (Ti02  3-6  wt%,  K20  2-5  wt%  and  P205  1-2.4  wt%)  in  kimberlites  of  Anabar  exceeds  the 
norms  available  for  classic  occurrences  of  Yakutian  and  South- African  province,  and  these  data 
wouldn't  allow  to  refer  certain  rocks  to  kimberlites.  However,  the  textural  and  structural  features  of 
rocks,  mineralogical  composition,  first  of  all  high  saturation  in  picroilmenite,  can  be  referred  to 
kimberlite  rocks. 

The  high  saturation  in  the  carbonate  component  is  the  representative  trait  of  kimberlites  of 
the  Yakutian  province,  the  Anabar  province  included.  But  in  contrast  to  the  Middle  Paleozoic 
diamond-bearing  kimberlites,  in  which  heightened  contents  of  carbonate  components  are  explained 
by  an  intense  manifestation  of  processes  of  secondary  carbonatization,  due  to  the  effect  of  the  thick 
primarily  carbonate  sedimentary  cover,  in  the  Anabar  area  carbonate  has  primarily  deep-seated 
endogenous  origin.  In  some  pipes  of  the  Djuken  field  the  borehole  cores  display  (i)  the  process  of 
separation  of  carbonate  liquid  from  silicate  melt  as  individual  globules  with  their  subsequent 
accumulation  and  (ii)  formation  of  independent  phase  (commonly  in  the  upper  horizons  of  pipes). 
On  the  other  hand,  some  pipe  bodies,  particularly  frequetly  found  in  Nomokhtokh  and  Ortho-Iargin 
fields,  are  referred  to  carbonatites  (Marshintsev,  1974).  However,  the  primarily  clastic  form  of 
carbonatite  material  suggests  that  these  are  kimberlite  pipes  cutting  and  disintegrating  the  carbonate 
bodies  occurring  at  depth.  The  problem  of  relationships  between  kimberlites  and  carbonatites  is 
open  for  discussion. 

Wide  variations  and  partial  overlapping  of  ranges  of  composition  variability  making  up 
kimberlite  bodies  contribute  to  steady  differences  for  individual  fields  indicating  zonation  of  the 
Anabar  belt  of  kimberlite  volcanism  occurrence.  Kimberlites  composing  the  extreme  southern 
(Kuronakh)  and  northern  (Nomokhtokh  and  Orto-Iargin)  fields  are  characterized  by  fairly  high 
content  of  MgO  and  low  FeO,  Ti02.  The  central  fields  of  the  Anabar  belt  (Luchakansk  Duken,  Ari- 
Mastakh,  part  of  Starorchinsk)  are  dominated  by  kimberlites  and  alnoites  with  increased  FeO  and 
Ti02.  In  the  northern  direction  of  the  Anabar  belt,  in  kimberlites  and  alnoites  the  content  of  Na20 
gradually  increases.  The  sites  Nomokhtokh  and  Orto-Iargin  are  made  up  of  the  rocks  with  the 
carbonate  component  (to  carbonatite  appearance)  having  crucial  part  and  showing  the  highest 
content  of  P205. 

High  coefficient  of  iron,  titanium  and  alkalis  both  of  the  Lower  Mesozoic  kimberlites  and 
spatially  related  Middle  Paleozoic  kimberlites  of  the  northern  fields  of  the  Yakutian  province  is 
evidently  the  reflection  of  (i)  metasomatism  of  the  upper  mantle  rocks  occurring  within  the 
northern  margin  of  the  Siberian  platform  and  (ii)  higher  level  of  origination  of  magmatic  chambers 
and  consequently,  higher  significance  of  the  lithosphere  source  as  compared  to  asthenosphere  in 
formation  of  kimberlite  melts.  The  last  conclusion  is  confirmed  by  isotope  investigation  of  Sr  and 
Nd  (Kostrovitsky,  Morikio,  these  abstracts). 

The  Lower  Mesozoic  kimberlites,  as  compared  to  the  diamond-bearing  Middle  Paleozoic 
kimberlites,  demonstrate  the  higher  level  of  magmatic  differentiation  which  is  reflected  in  higher 
variations  of  iron,  titanium  and  alkali  oxides.  A  significant  level  of  correlation  between  these 
oxides  confirms  existence  of  magmatic  trends  of  differentiation. 
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Fig.  1  Map  of  the  Yakutian  kimberlite  province  (Nothem  fields). 

1)  Middle  Paleozoic  age  fields;  2)  Mesozoik  age  fields  of  the  Anabar  zone:  1-  Kuronakh, 
2  -  Luchakansk,  3  -  Djuken,  4  -  Ari-Mastakh,  5  -  Starorechinsk,  6  -  Orto-Iargin;  3)  Precambrian  Anabar 
shield. 
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The  Bureau  de  Recherches  Geologiques  et  Minieres  (BRGM)  first  recovered  diamonds  in  the  Inini 
basin  in  1975  in  the  course  of  a  regional  heavy  mineral  prospecting  campaign.  Subsequent  follow-up 
in  1978  confirmed  a  diamond  anomaly  in  the  headwaters  of  the  Grand  Inini  Creek.  Detailed 
exploration  of  the  IT  33  occurrence  by  the  BRGM  from  1979  to  1981  established  small  alluvial 
deposits  of  uncertain  economic  potential  due  to  the  overall  small  stone  size.  An  ultrabasic  rock  was 
identified  as  a  possible  source. 

A  short  due  diligence  campaign  on  the  IT  33  diamond  occurrence  by  Guyanor  Ressources  (a 
company  held  70%  by  Golden  Star  that  operates  entirely  in  French  Guiana)  in  late  1994  confirmed 
the  presence  of  abundant  diamonds  in  the  Dachine  project  area.  A  total  of  1250  diamonds  from  1.6  to 
0.25  mm  in  size  were  recovered  from  seven  samples  of  eluvium  and  one  of  alluvium  totaling  251  kg. 
A  subset  of  464  diamonds  from  both  material  types  was  subjected  to  a  morphological  and  carbon 
isotope  study  to  better  characterise  their  source  regions  in  the  mantle,  and  to  decipher  subsequent 
processes  (e.g.,  weathering,  transport)  that  the  diamonds  may  have  experienced. 

Four  groups,  based  mainly  on  colour,  surface  featues,  and  morphology,  were  defined  in  an  attempt  to 
identify  the  dominant  parageneses  present  (terminology  after  McCandless  et  al.,  1994;  Robinson, 
1979;  Robinson  et  al.,  1989).  (1)  Small  to  mid-size  (200-600  microns  diameter)  off-white  to  white, 
inclusion-bearing  octahedra,  cubes,  and  fragments  in  which  xenocrystic  surface  features  dominate;  (2) 
Large  (300-1000  microns)  brown,  heavily  included  octahedra  and  tetrahexahedroida,  and  derivative 
fragments,  with  macrodiamond  surface  features  dominating;  (3)  Small  (200-600  microns)  white  to 
off-white,  slightly  included  single  octahedra,  cubes,  tetrahexahedroida,  and  derivative  fragments 
mainly  with  macrodiamond  surface  features  dominating;  (4)  Small  to  mid-size  (200-600  microns), 
apparently  body-coloured  stones,  including  pale  pink,  green,  yellow,  and  gray  octahedra,  cubes,  and 
tetrahexahedroida.  The  brown  colour  of  diamonds  in  group  2  may  be  due  in  part  to  the  abundance  of 
black-brown  inclusions.  Group  1  is  expected  to  represent  diamonds  derived  mainly  from  xenolithic 
material,  whereas  group  2  and  3  may  represent  macrodiamonds.  Group  2  diamonds  have  about  twice 
the  percentage  of  diamonds  greater  than  400  microns  compared  to  groups  1,3,  and  4.  Group  2 
diamonds  also  include  more  fragments  than  group  1  diamonds,  which  would  be  anticipated  if  group  2 
diamonds  are  the  fragments  of  larger,  inclusion-bearing  diamonds,  making  them  more  susceptible  to 
breakdown  due  to  internal  stresses.  The  difference  in  inclusion  abundance,  size  and  morphology  for 
the  diamonds  comprising  group  1  and  2  suggests  that  at  least  2  diamond  parageneses  may  be  present 
in  the  igneous  host.  One  paragenesis  consists  of  larger,  heavily  included  diamonds  and  the  other 
consists  of  smaller,  less  included  diamonds.  The  many  body  colours  that  comprise  group  4  diamonds 
probably  represent  a  number  of  other  minor  parageneses. 

The  most  common  resorption  surface  on  the  diamonds  is  the  low-relief  surface.  Low-relief  surfaces 
are  the  most  dominant  resorption  surface  of  diamonds  from  lamproites  such  as  at  Prairie  Creek,  where 
it  is  present  on  94%  of  the  macrodiamonds  (McCandless  et  al.,  1994).  The  similarities  suggest  that 
the  French  Guyana  diamonds  may  have  been  derived  from  a  lamproitic  igneous  host,  or  at  the  least, 
an  igneous  host  with  volatile  compositions  (i.e.  H2O/CO2  ratios)  similar  to  lamproites. 

During  resorption,  larger  diamonds  are  exposed  early  on  and  experience  the  greatest  amount  of 
resorption,  which  is  supported  by  the  positive  correlation  between  the  percentage  of  stones  >400 
microns  in  size,  and  the  percentage  of  macrocrystic  surface  features  present,  particularly  for  groups  2 
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and  3.  Diamonds  break  during  resorption  and  it  appears  that  most  breakage  surfaces  have  some 
evidence  of  resorption.  Smaller  diamonds  exhibit  xenocrystic  surface  features  and  some  have  uneven 
resorption.  Some  of  the  largest  diamonds  exhibit  xenocrystic  surface  features,  some  being  relatively 
inclusion-free  group  1  diamonds.  These  are  the  most  attractive  with  respect  to  colour  and  the  lack  of 
inclusions. 

Diamonds  at  surface  conditions  are  under  high  internal  stress  due  to  expansion  of  included  minerals. 
This  leads  to  fracture  and  disaggregation,  which  is  the  most  dominant  weathering  process  for  the 
French  Guiana  diamonds.  This  process  is  independent  of  whether  the  diamonds  are  transported,  and 
can  occur  in  situ  while  the  diamonds  are  in  the  igneous  host.  Once  exposed  to  meteoric  water,  black 
opaque  inclusions  in  the  diamonds  are  altered  to  secondary  material  comprised  of  Fe- 
oxide/hydroxides  and  clays.  Indentations  in  irregularly-shaped  diamonds,  occupied  by  other  primary 
minerals,  protected  these  areas  of  the  diamond  until  resorption  had  largely  ended.  Weathering 
removes  these  adjoining  minerals,  leaving  unresorbed  low  areas  of  diamond  surrounded  by  high 
points  with  low-relief  surfaces.  Primary  inclusions  or  intergrowths  of  other  minerals  with  the 
diamonds  are  very  rare.  In  one  diamond,  an  intergrowth/inclusion  exhibits  a  corrosion  texture  that  is 
typical  of  silicates  exposed  to  lateritization  or  calcretization,  indicating  that  the  diamonds  have  been  in 
a  weathering  environment  dominated  by  chemical  weathering.  Although  the  green  and  yellow  colours 
of  some  diamonds  appear  to  be  body  colours,  it  is  possible  that  the  colouration  is  due  to  staining  by 
Fe-oxide/hydroxide  minerals  during  weathering  or  to  radiation  damage  by  uranium  or  thorium  in 
groundwater. 

None  of  the  diamonds  bear  resemblance  to  diamonds  derived  from  alluvial  sources.  There  are  a 
number  of  fragile  fragments  that  would  not  survive  transport  under  typical  fluvial  bedload  conditions 
(McCandless,  1990).  Some  of  the  largest  diamonds  are  also  cracked  octahedra  that  would  not  travel 
far  in  a  bedload  environment  before  breaking  down.  Thus  it  was  determined  thatt  they  are  not  far 
removed  from  their  igneous  host. 

There  are  also  a  large  number  of  cubes  and  cube -octahedra  in  the  Dachine  microdiamonds.  Given  that 
lamproites  attack  diamonds  vigorously,  and  peridotite  xenoliths  are  more  easily  disaggregated  than 
eclogite,  it  was  considered  that  the  cube  diamonds  have  survived  because  they  are  derived  from 
eclogite.  Two  octahedra,  one  cube  and  one  cube- octahedra  were  analysed  from  group  1.  Three  of  the 
diamonds  are  13C-depleted,  with  513C  ratios  centred  at  -27%o,  and  one  octahedron  is  heavier  at 
-12.6%o  (Figure  2a).  Group  1  diamonds  are  dominated  by  xenolithic  surface  features  and  it  was 
anticipated  that  these  diamonds  are  eclogitic.  The  heaviest  diamonds  analysed  are  found  in  group  3, 
with  an  octahedron  and  octahedral  fragment  at  -8.1  and  -10.5 %o,  respectively.  The  next  heaviest 

diamond  is  also  in  group  3,  a  cube  with  S13C  =  -13.7%c.  The  remaining  diamonds  in  group  3  are  an 

irregular,  a  fragment,  and  a  cube-octahedron  with  513C  ratios  centred  around  -25 %o.  Five  group  4 
diamonds  were  analysed;  a  cube,  octahedral  fragment,  and  tetrahexahedroidal  fragment  centre  around 
-26 %c,  a  fragment  and  an  irregular  have  heavier  values  of  -19.4  and  -17.0%o,  respectively. 

The  results  suggest  a  dominant  eclogitic  paragenesis  with  813C  ratios  from  -23  to  -27%o.  Three  of  the 
nine  diamonds  within  this  range  are  also  the  xenocrystic  diamonds  of  group  1.  Of  the  three  group  3 
diamonds  that  fall  within  this  range,  one  is  distorted  and  exhibits  ribbing,  which  also  supports  a 
xenocrystic  origin.  One  group  4  diamond  within  this  range  exhibits  lamination  lines,  also  supporting 
a  xenohth  origin.  Though  not  conclusive,  the  features  suggest  that  many  of  the  diamonds  that  exhibit 
macrocrystic  surfaces  in  group  3  and  4  are  probably  derived  from  the  same  source  as  the  xenocrystic 
diamonds  of  group  1.  The  three  group  4  diamonds  that  fall  in  this  range  include  a  yellow  cube,  a  pink 
octahedral  fragment,  and  a  green  tetrahexahedroidal  fragment.  Assuming  these  diamonds  are  all  from 
the  same  source,  this  suggests  that  a  variety  of  coloured  diamonds  occur  in  the  same  paragenesis. 
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Four  diamonds  cluster  at  isotopically  heavier  values  from  -8.1  to  -13.7%c.  These  diamonds  may 
represent  a  different  paragenesis,  as  three  of  the  four  are  whole  crystals  that  are  >400  microns  in  size 
and  exhibit  macrocry  Stic  surface  features  (Table  1).  Uneven  resorption  on  the  isotopically  heaviest 
diamond,  however,  also  supports  a  xenocryst  origin  for  these  diamonds. 

The  primary  morphology,  surface  features,  and  carbon  isotopes  for  the  Dachine  microdiamonds 
suggest  that  they  are  derived  from  mantle  sources,  particularly  eclogite.  Secondary  surface  features 
on  the  microdiamonds  indicate  that  they  were  transported  in  a  strongly  resorbing  host  magma,  such 
as  a  lamproite  or  other  igneous  host  with  a  high  H2O/CO2  ratio.  Subsequently,  the  microdiamonds 
were  exposed  to  chemical  weathering,  and  transported  a  very  short  distance  from  their  igneous  host.. 
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The  ilmenite-clinopyroxene  symplectites  (also  called  as  graphic  or  lamellar  tntergrowth)  are 
rare  among  xenoliths  from  kimberlite.  They  are  scarce  as  well  among  the  xenoliths  from  the  other 
related  rocks  such  as  Malaita  alnoites  (Nixon,  Boyd,  1979).  Previous  studies  allowed  to  consider  the 
symplectites  to  be  in  relation  with  Cr-poor  megacryst  assemblages  according  to  mineral  chemistry 
and  various  polymineral  inclusions.  We  found  similar  ilmenite-clinopyroxene  symplectite  nodules  in 


Miocene  picrobasalts  and 
Quaternary  basanites  of  the 
Vitim  volcanic  field  (Baikal 
Rift,  East  Siberia)  (Litasov, 
Ashchepkov,  1996).  It  was 
the  first  finding  of  such 
xenoliths  in  Cenozoic 
alkaline  basalte  areas.  The 
composition  of  minerals  is 
also  similar  to  discrete 
megacry  sts. 

For  a  comparative 
study  of  ilmenite-clino¬ 
pyroxene  intergrowths  from 
kimberlites  and  alkaline 
basalts,  we  drew  the  data 
on  xenoliths  from  Yakutian 
kimberlites  (Mery  pipe, 
Kuoisk  field,  and  Mir  pipe, 
Malo-Botuobinsk  field)  and 
the  Vitim  volcanics 
Compositional  variations  in 
symplectitic  ilmenites 

revealed  likeness  of  sym¬ 
plectites  from  alkaline 

basalts  with  those  from 
kimberlites  (Fig.  1).  Ilmenite 
megacrysts  and  symplectites 
from  kimberlites  are  more 
magnesian  than  ilmenites 

from  alkaline  basalts 

Ilmenite  from  symplectites 
plots  to  the  most  magnesian 
end  of  a  megacryst  trend 
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Fig.  1 .  Chemical  variations  in 
ilmenite  and  clinopyroxene 
megacrysts  and  symplectites. 
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solid  circles  -  common  mtergrowths, 
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alkaline  basalts  corresponds  to  ferriferous  end  of  the  megacryst  trend.  The  beginning  of  ilmenite 
precipitation  is  marked  by  inflection  of  Ti-Fe  trend  in  the  variation  diagram  (Fig.l).  Clinopyroxene 
from  symplectites  plots  near  inflection,  and  it  is  more  magnesian  than  common  ilmenite- 
clinopyroxene  intergrowths.  Clinopyroxene  from  Mery  symplectites  is  divided  into  two  groups. 
Low-Ti  clinopyroxene  forms  a  short  trend  similar  to  discrete  megacryst  trend.  There  is  an  evident 
dependence  of  Ca#  and  -Mg#  variations  in  clinopyroxene  and  Mg-number  in  ilmenites  (Kostrovitsky, 
Piskunova,  1989).  These  data  are  in  agreement  with  other  kimberlite  locations  (Gurney  et  al.,  1979, 
Shulze,  1987),  for  example,  Ti-trend  inflection  is  shown  for  a  garnet  from  xenoiiths  of  the  Monastery 
pipe  (Shulze,  1987). 

Trace  element  variations  in  megacryst  and  symplectite  clinopyroxene  are  shown  in  Fig. 2. 
Data  for  clinopyroxene  megacry sts  from  kimberlites  are  insufficient  yet.  However,  we  can  note 
similar  patterns  for  symplectite  clinopyroxene  in  both  kimberlites  and  basalts  with  more  depleted 
HREE  in  kimberlitic  one.  If  we  consider  a  fractional  crystallization  of  melt  coexisting  with  most 
primitive  Vitim  clinopyroxene  (Fig.2)  with  clinopyroxene-only  precipitation,  estimated  residual  melt 
fraction  reaches  f=\ 0-1 5%  for  ilmenite-clinopyroxene  intergrowths  from  Quaternary  basanites  and 
f= 20-25%  for  Miocene  picrobasalt  symplectites. 


Ba  Nb  Ce  Nd  Sm  Ti  Er  Yb  Ba  Nb  Ce  Nd  Sm  Ti  Er  Yb  Ba  Nb  Ce  Nd  Sm  Ti  Er  Yb 
Th  La  Sr  Zr  Eu  Dy  Y  Th  La  Sr  Zr  Eu  Dy  Y  Th  La  Sr  Zr  Eu  Dy  Y 

Fig.2.  Partitioning  of  trace  element  in  clinopyroxene  from  megacrysts  and  symplectites. 
For  symbols  see  Fig.l.  Analyses  are  made  by  ion  microprobe.  ICP-MS-data  for  megacrysts  m  b 
are  taken  from  [Ashchepkov,  Andre,  1998],  Trace  element  abundances  are  normalized  to 
primitive  mantle  [McDonough,  Sun,  1995]. 

Structure  and  chemistry  of  sypmlectites  from  kimberlites  allows  to  suggest  their 
crystallization  from  kimberlitic  melt  before  the  crystallization  of  discrete  ilmenite  nodules  (Gurney  et 
al.,  1979,  Kostrovitsky,  1989).  Wyatt’s  experiments  showed  a  possibility  for  eutectic  precipitation  of 
clinopyroxene  and  ilmenite  after  a  clinopyroxene-only  crystallization  (Wyatt,  1977)  The  possibility 
of  ilmenite  formation  as  a  dissolution  lamellae  might  be  excluded  due  to  high  modal  primary  ilmenite 
(up  to  15-20%)  in  symplectites  and  megacryst-like  trace  element  variations  in  clinopyroxene. 
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Moreover,  we  can  observe  simultaneous  growth  straie  on  clinopyroxene  and  ilmenite  grains  in  Mery 
pipe  symplectites. 

From  estimated  residual  melt  fraction  after  the  symplectite  precipitation  in  the  Vitim  area,  we 
suppose,  that  eutectic  clinopyroxenes  must  be  more  evolved  than  observed  ones.  Ilmenite- 
clinopyroxene  symplectites  characterize  the  begining  stage  of  simultaneous  mineral  precipitation  in 
both  kimberlites  and  alkaline  basalts.  Transitions  from  symplectite  to  common  intergrowth  within  a 
single  sample  give  an  evidence  for  their  kinship.  Thus,  the  ilmenite-clinopyroxene  symplectite 
formation  can  not  be  explained  by  simple  eutectic  crystallization  and  calls  for  some  specific 
conditions  of  melt  fractionation. 
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Reactional  and  differentiated  pyroxenite  xenoliths  from  alkaline  basalts  of 
the  Vitim  volcanic  field  (East  Siberia):  their  role  in  metasomatism  and 
position  in  mantle  magmatic  system 
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United  Institute  of  Geology.  Geophysics  and  Mineralogy  SB  RAS,  Novosibirsk,  630090,  Russia 


Introduction.  Three  major  groups  of  mantle-derived  xenoliths  in  Miocene  picrobasalts  of 
the  Vitim  volcanic  field  were  described  (cf.  Ashchepkov  et  al.,  1994,  Ashchepkov,  Andre,  1998):  (1) 
Group  I  (green)  peridotites  and  pyroxenites,  (2)  Group  II  (black)  pyroxenites,  (3)  pyroxene 
megacrysts  and  related  pyroxenites.  There  are  also  reactional  pyroxenites,  metasomatic  veins  and 
differentiated  pyroxenites,  of  which  the  mineral  compositions  are  intermediate  between  three  above 
groups,  so  called  «transitional»  pyroxenites  (Fig.  1).  We  obtained  ion  microprobe  data  on  minerals 
from  pyroxenite  xenoliths  to  consider  differentiation  paths  of  mantle  melts  and  to  highlight 
evolutionary  features  of  mantle  magmatic  system. 

Results.  We  determined  the  types  of  «transitional»  pyroxenites  and  related  rocks  as 
following:  (la)  Amphibole-phlogopite  and  phlogopite-clinopyroxene  veins,  often  crosscutting  garnet 
lherzolites.  Amph-  and  phi-bearing  Vitim  xenoliths  are  described  in  (Litasov  Yu.  et  al.,  this  volume). 
The  origin  of  these  rocks  is  in  relation  with  reactional  pyroxenites.  (lb)  Reactional  ilmenite-  and 
phlogopite-bearing  garnet  orthopyroxenites  are  found  in  contact  with  garnet  lherzolite,  as  it  is 
evidenced  from  composite  xenoliths.  Like  the  hydrous  veinlets,  they  strongly  change  major  element 


Fig.  1. Variation  diagramms  for  chnopyroxene  from  Vitim  pyroxenite  xenoliths 
squares  -  amph-phl-  and  px-phl-veins  and  reactional  orthopyroxenites.  solid  circles- 
Hi-Al  garnet  clinopyroxerutes.  open  circles  -  Low-Al  depleted  websterites. 


BaNbCeNdSm  Ti  Er  Yb  BaNb CeNdSm  Ti  Er  Yb  BaNbCeNdSm  Ti  Er  Yb  BaNbCeNdSm  Ti  Er  Yb 
Th  La  Sr  Zr  Eu  Dv  Y  Cr  Th  La  Sr  Zr  Eu  Dy  Y  Cr  Th  La  Sr  Zr  Eu  Dy  Y  Cr  Th  La  Sr  Zr  Eu  Dy  Y  Cr 

Fig. 2.  Trace  element  data  for  minerals  from  "transitional"  pyroxenite  xenoliths  of  the 
Vitim  volcanic  field 

solid  circles  -  pyroxenite  clinopyroxenes.  open  circle  -  peridotite  clinopyroxene.  squares  -  garnet,  triangles 
orthopyroxene.  Trace  element  abundances  are  normalized  to  primitive  mantle  [McDonough,  Sun,  1995]. 


composition  of  peridotite  minerals  towards  enrichment  in  basaltic  components  Garnet  or  spinel,  if 
present,  tend  to  breakdown  with  formation  of  hydrous  Al-rich  phases  Clinopyroxene  mode 
decreases  towards  the  contacts.  Trace  element  partitioning  in  minerals  (Fig. 2)  is  similar  for  (la)  and 
(lb).  They  have  positive  Zr  and  Ti  anomalies  in  relic  clinopyroxene,  strong  HFSE-enrichment  in 
orthopyroxene,  and  Zr-peak  in  garnet.  (2)  Gray-colored  high-Al  garnet  clinopvroxenites  are  of 
cumulative  origin  according  to  their  texture  and  mineral  chemistry.  Minerals  are  slightly  enriched  in 
Ti  and  depleted  in  Cr,  although  not  that  strong  as  the  megacry sts  are  HFSE-depletion  of 
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Fig. 3.  Clinopyroxene  trace  element  partitioning  and  model  of  mantle  magmatism 
beneath  the  Vitim  volcanic  field. 

Data  by  ion  microprobe.  Data  for  megacrvsts  mainly  from  [Ashchepkov,  Andre,  1998],  Trace 
element  abundances  normalized  to  primitive  mantle  [McDonough,  Sun.  1995], 
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clinopyroxene  indicates  its  relationship  with  Group  I  pyroxenites.  (3)  Low-Al  websterite  veins  were 
found,  contacting  with  garnet  and  spinel  peridotites.  These  rocks  have  equigranular  texture  They 
are  composed  of  depleted  pyroxenes.  Ga  is  strongly  kelyphitized.  Rare  spinel  has  high  Cr#.  One 
sample  contains  interstitial  graphite.  Clinopyroxene  is  slightly  depleted  in  LREE,  enriched  in  Cr,  and 
has  strong  negative  HFSE-anomaly  (Fig. 2). 

P-T-estimations.  Among  the  Vitim  xenoliths,  reactional  rocks  -  except  high-Al  pyroxenites  - 
mostly  correspond  to  garnet  facies  under  conditions  of  21-25  kbar  and  relatively  low  temperatures 
950-1050°C  (T-  Brey,  Kohler,  1990  and  P-  Nickel,  Green,  1985)).  They  form  a  geotherm  less  hot 
than  one  for  both  «green»  and  megacrystic  garnet  websterites  (Ashchepkov  et  al.,  1994). 

Model.  Mantle  magmatism  and  volcanism  in  the  Vitim  area  is  defined  by  plume  activity  with 
OIB-type  isotopic  and  trace  element  characteristics.  Two  major  groups  of  Vitim  pyroxenites  -  Group 

I  websterites  and  megacrysts  with  related  pyroxenites  (Fig. 3)  -  correspond  to  major  types  of  mantle 
melt  movement,  of  which  the  end  members  are  percolation  fractonation  and  fracture  fractionation 
(Melting  and  melt.  .  .,  1993,  and  others).  The  first  deals  with  fractionation  of  melt  as  pervasive  porous 
media  flow  with  continuous  element  exchange  (including  compartible)  with  peridotite  matrix.  The 
second  is  determined  by  fractionation  in  hydraulic  fractures  dominated  by  pure  Raleyh  fractionation 
(for  the  Vitim  megacrysts,  basic  postulates  of  the  last  process  as  a  pulsatory  polybaric  fractionation 
of  basaltic  melt  are  described  in  (Ashchepkov,  Andre,  1998)).  Most  active  modifying  agent  is  HFSE- 
rich  volatile-saturated  melt,  of  which  an  influence  is  recorded  as  a  formation  of  hydrous  phases 
composing  patches,  veinlets  and  veins  in  garnet  peridotites  and  reactional  ilmenite-bearing 
orthopyroxenites  along  the  contacts  with  wall.  Percolating  melts  responsible  for  the  formation  of 
Group  I  pyroxenites  can  be  again  segregated  in  places  to  form  melt  portions  enable  for  fracture 
fractionation  and  formation  of  cumulates  such  as  gray-colored  high-Al  pyroxenites.  The  formation  of 
depleted  low-Al  pyroxenites  may  be  explained  by  (1)  percolation  of  reduced  fluid  extracting  basaltic 
components  and  recrystallizing  primary  phases  of  Group  I  pyroxenites,  (2)  percolation  of  reduced 
melt  through  depleted  peridotite  and  formation  of  depleted  Group  I  pyroxenite  veins.  The  first 
explanation  concedes  a  complementary  origin  of  both  high-Al  and  low-Al  rocks.  In  the  final  stage, 
derivates  of  Group  I  and  megacryst  series  melts  in  spinel  facies  level  and  magmatic  bodies  of  Group 

II  pyroxenites  near  the  Moho  boundary  are  formed. 

Conclusions.  Thus,  we  assume  following  mechanisms  of  melt  behavior  responsible  for  the 
origin  of  «transitional»  pyroxenites  and  hydrous  veins  in  the  Vitim  xenoliths:  (1)  Reaction  between 
basaltic  melt  and  wall  peridotite.  (2)  Fractionation  of  percolating  melt.  (3)  Fluid  percolation  through 
heterogeneous  matrix  The  position  of  rare  HFSE-rich  ilmenite  orthopyroxenites  allows  to  clear  up 
the  origin  of  resembling  metasomatic  rocks  in  kimberlites,  where  they  are  more  common  These 
metasomatic  rocks  may  characterize  a  plume  activity  in  the  continental  rift  settings  and  may  be  an 
important  source  for  HFSE-enrichment  of  basalts  extracted  from  HFSE-depleted  peridotite  source. 
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Reactional  modification  of  the  primitive  mantle  by  basaltic  melts:  an  evidence 
from  mantle-derived  xenoliths  of  the  Vitim  Plateau  (Russia) 

Litasov  Yu.D.1’2,  Niida  K.2,  Litasov  K.D  1 

1  United  Institute  of  Geology.  Geophysics  and  Mineralogy  SB  RAS.  Novosibirsk.  630090.  Russia 
2.  Department  of  the  Earth  and  Planetary  Sciences.  Hokkaido  University  .  Sapporo  060  Japan 

Mantle  peridotite  xenoliths  in  alkaline  basalts  of  the  Vitim  Plateau  were  examined  to 
determine  a  presence  of  hydrous  minerals  and  other  signs  of  interaction  between  hydrous  melt/fluid 
and  wall  lherzolite.  Finds  of  amphibole  and  phlogopite  were  recorded  earlier  (Ashchepkov,  1991, 
Dobretsov,  Ashchepkov,  1991,  Ionov  et  al.,  1993).  Here  we  present  new  data  on  occurrence  of 
hydrous  minerals  and  coexisting  phases  in  mantle  xenoliths,  and  discuss  a  probable  composition  of 
agent  modifying  wall  peridotite. 

The  xenoliths  were  carried  up  during  different  stages  of  volcanic  activity.  It  allows  to  follow 
the  lithospheric  mantle  dynamics  (Litasov,  Litasov,  1998).  The  Vitim  geotherms  of  different  ages 
were  verified  by  a  comparison  with  amp  and  phi  experimental  stability  fields  in  the  upper  mantle 
Reversed  check  allowed  to  specify  a  position  of  hydrated  peridotites  in  the  geotherms.  The  most 
attention  was  paid  for  the  xenoliths  from  volcanic  rocks  of  two  different  stages  with  a  time  break 
about  15  Ma.  Picrobasalt  from  the  Bereya  quarry  corresponds  to  Miocene.  Basanites  of  younger 
volcanoes  and  lava  flows  correspond  to  Plio-Pleistocene.  The  majority  of  hydrated  peridotite 
xenoliths  was  found  in  the  Miocene  picrobasalt.  However,  they  are  rare  in  Plio-Pleistocene  rocks 

Two  types  of  modification  were  determined  by  an  appearance  of  added  phases  -  vein  type 
and  interstitial  type  The  vein  type  is  presented  by  (1)  phlogopite-clinopyroxene  veins,  (2) 
phlogopite-pargasite  and/or  phlogopite-kaersutite  veins,  and  (3)  pargasite  veins.  The  interstitial  type 
includes  (4)  interstitial  phlogopite  and  (5)  interstitial  pargasite. 

(1)  Phl-cpx  veins  is  the  most  common  vein  type  in  the  Vitim  xenoliths.  It  is  also  the  only  type 
found  in  the  Plio-Pleistocene  volcanics  These  veins  cut  garnet  and  spinel-garnet  lherzolites  from 
picrobasalt  and  spinel-garnet  lherzolites  from  basanites.  They  are  composed  of  graphic  phl-cpx 
intergrowths  testifying  to  their  simultaneous  crystallization.  Rare  syngenetic  pargasite  inclusions  can 
be  found  in  cpx  The  vein  width  varies  from  mm  to  cm  order  (observed  in  the  composite  xenoliths), 
showing  the  steps  of  crack  propagation  during  a  melt/fluid  movement.  Contacts  with  wall  lherzolite 
are  sharp  Occasionally,  reactional  opx-rich  zones  are  developed  around  wide  veins  (the  width  of 
zones  comprises  20-30%  of  vein  thickness) 

(2)  Phi-amp  veins  cut  only  xenoliths  from  the  Miocene  picrobasalt.  The  wall  rocks  are  ga,  sp- 
ga  and  sp  lherzolites.  The  veins  with  adcumulative  texture  are  composed  of  large  isometric 
pargasite/kaersutite  and  phi  grains  The  vein  width  is  mm  to  cm  order.  These  veins  are  always 
surrounded  by  reactional  zones  composed  of  opx,  and  rarely  -  cpx.  Within  zones,  fine-grained 
clusters  of  cpx  replaced  by  opx  in  presence  of  parg  may  be  observed.  The  width  of  reactional  zones 
is  equal  or  exceeds  the  vein  thickness.  According  to  mineral  chemistry  and  mode  of  occurrence,  rare 
garnet  harzburgites  and  orthopyroxenites  with  interstitial  phi  correspond  to  this  type  and  represent 
reactional  zones  of  large  hypothetical  veins/dykes.  Among  the  Plio-Pleistocene  xenoliths,  there  are 
rare  «dry»  harzburgites  without  visible  hydrous  minerals,  which  are  interpreted,  due  to  mineral 
chemistry  and  texture,  as  the  fragments  of  reactional  zones  inherited  from  earlier  stages. 

(3)  Amp  veins  in  sp-ga  lherzolites  from  picrobasalt  are  composed  of  large  10  mm  parg  grains. 
Cpx  is  replaced  by  opx  along  the  contacts  In  places,  1  mm  parg  rims  around  ga  are  developed. 

(4)  Interstitial  phlogopite  was  found  in  ga,  sp-ga  and  sp  lherzolites  from  the  Miocene 
picrobasalt.  Commonly,  phi  occurs  as  rare  tabular  grains  irregularly  distributed  in  the  host  rock  Its 
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secondary  origin  is  confirmed  by  phi  grains  occasionally  cutting  primary  Iherzolitic  minerals  The 
composition  of  primary  minerals  does  not  change. 

(5)  Interstitial  pargasite  was  found  only  in  sp  lherzolites  from  the  Miocene  picrobasalt  It 
forms  fine-grained  aggregates  surrounding  sp  in  coarse-grained  protogranular  sp  lherzolites  Rare  phi 
inclusions  were  found  in  parg  and  coexisting  opx. 

Variation  diagrams  showed  three  directions  of  mineral  composition  change  reflecting 
reactional  relationship  between  modifying  agent  and  wall  peridotite  (Fig.  1). 
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Fig.  1.  Pyroxene  compositions  Solid  line  - 
primitive  garnet  peridotites.  dashed  line  - 
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I.  Near  the  contacts  with  phl- 
cpx  veins,  a  decrease  in  Cr#  and 
increase  in  Ti02  with  slight  decrease  in 
Mg#  were  detected  for  pyroxenes  and 
garnet  of  the  wall  lherzolite.  The  phi 
composition  is  uniform 

II.  Abrupt  decrease  in  Cr#  and 
increase  in  Ti02  were  detected  for 
pyroxenes  and  garnet  near  phi-amp 


veins.  Mg#  decreases  in  all  peridotite  minerals.  In  pargasite  the  increase  in  Cr#,  Mg#  and  decrease  in 
Ti02  occur  towards  the  wall  rock. 

III.  In  sp  lherzolite  with  interstitial  parg,  abrupt  decrease  in  Mg#  for  all  phases  was  fixed  even 
within  hand-sized  samples.  The  amount  of  other  major  elements  remains  uniform. 

Determined  trends  achieve  only  a  tendency  of  compositional  change,  because  an  equilibrium 
between  melt  and  wall  is  not  reached  Nevertheless,  we  have  tried,  using  end  compositions  for 
secondary  and  modified  minerals,  to  estimate  probable  composition  of  modifying  agent  by 
mineral/melt  distribution  coefficients. 

The  distribution  coefficient  olivine/melt  is  KD=0.30  (Roeder,  Emslie,  1970)  Forsterite  in 
olivine  coexisting  with  the  Vitim  volcanics  is  Fo=88  8%  for  picrobasalt,  and  Fo=73-82%  for 
basanites.  The  first  correlates  with  olivine  Mg#  near  amp-phi  veins.  Reactional  trends  are  best 
expressed  in  opx  and  cpx  compositions  (Fig  1)  There  is  an  abrupt  decrease  in  Cr#,  moderate 
decrease  in  Mg#,  and  increase  in  Ti02  towards  amp-phi  veins.  Calculated  Ti02  in  coexisting  melt 
should  be  2-3  wt.%  (Kd  from  Hart,  Dunn,  1993).  The  Cr  value  in  melt  coexisting  with  opx  should  be 
within  200-300  ppm.  All  the  results  are  in  a  good  agreement  with  observed  values  for  the  volcanic 
rocks.  Here  we  exclude  other  estimations  They  also  support  our  main  conclusion. 

Thus,  three  agents  modifying  wall  lherzolite  may  be  described  as  following:  (1)  phi-amp  veins 
were  crystallized  from  Cr-depleted  (relative  to  peridotite)  Fe-,  Ti-rich  picritic  melt  resembling  the 
Miocene  picrobasalt;  (2)  differentiated  Fe-rich  melt  (probably  basanitic)  percolates  through  magma 
chamber  walls  to  form  interstitial  pargasite  around  spinel,  (3)  phl-cpx  veins  were  formed  by  high 
magnesian,  Cr-poor,  Ti-rich  melt.  The  last  is  not  present  among  erupted  volcanics  It  could  be 
crystallized  in  the  depth  at  earlier  stages  of  volcanic  activity,  or  it  is  the  result  of  long-term 
percolation  through  the  peridotite  host.  Probably,  signs  of  such  melts  percolating  through  peridotites 
are  fixed  in  micro-cracks  by  autoradiography  (Dobretsov  et  al.,  1992).  An  agent  forming  interstitial 
phlogopite  is  not  identified.  It  could  be  a  fluid  or  volatile-rich  melt  separated  from  plume  head  in  pre- 
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magmatic  stages  and  percolated  through  the  lithospheric  mantle.  Temperature  decreasing  should 
make  such  liquid  being  saturated  in  volatiles  and  reacting  with  the  host  to  form  phlogopite. 

An  age  difference  of  the  host  volcanics  allows  an  estimation  of  changes  in  interaction 
between  magma  and  wall  peridotite  from  Miocene  to  Pleistocene.  The  phlogopite  was  found  in 
xenoliths  of  both  age  volcanics,  whereas  the  amphibole  was  described  only  in  the  Miocene  xenoliths 
A  cause  of  difference  in  metasomatism  was  defined  not  only  by  the  composition  of  magmas,  but  also 
by  melt  temperatures.  Temperature  difference  between  the  host  peridotite  and  melt  was  larger  in 
Miocene,  thus  the  hot  picritic  melt  became  saturated  in  water  and  other  volatiles  while  temperature 
decrease.  As  the  result,  larger  amount  of  hydrous  phases  was  formed  in  Miocene,  than  in 
Pleistocene,  when  the  basanitic  melts  rised. 

We  stratified  modification  types  by  the  depth  according  to  PT  calculations  for  less  modified 
parts  of  composite  xenoliths.  Finally,  the  following  scheme  of  reactional  modification  for  the  Vitim 
upper  mantle  is  suggested. 

Before  the  rifting  started,  the  upper  mantle  was  composed  of  moderately  heterogenous  spinel 
and  garnet  lherzolites  with  composition  fitting  model  primitive  mantle  composition  The  facial 
transition  occurred  at  P=23-19  kbar.  All  calculations  are  made  using  BM85  termometer  and  NG85 
barometer  (Bertrand,  Mercier,  1985,  Nickel,  Green,  1985)).  In  Middle  Miocene,  the  upper  mantle 
was  modified  by  melt  replacement  and  metasomatism  near  numerous  magma  channels.  It  caused  a 
formation  of  following  modification  types:  interstitial  phlogopite  -  P=31-20  kbar,  phl-cpx  veins  - 
P=28-24  kbar,  phi-amp  veins  -  P=26-22  kbar,  pargasite  veins  -  P=23-22  kbar,  interstitial  pargasite  - 
P<22  kbar  From  Miocene  to  Pleistocene  the  upper  mantle  was  heated  50°C  in  average  (Ashchepkov 
et  al.,  1994)  Phl-cpx  veins  formed  at  P=23-21  kbar,  i.e.  the  pressure  difference  is  3-5  kbar 
comparing  with  Miocene. 
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Microdiamonds  from  the  Yubileinaya  kimberlite  pipe,  Yakutia:  morphology, 
physical  properties,  and  mineral  inclusions 

Logvinova,  A.M.,  Fedorova,  E.N.,  and  Sobolev,  N.V. 

Institute  of  Mineralogy  and  Petrography,  Siberian  Branch  of  Russian  Academy  of  Sciences,  Novosibirsk,  630090, 
Russia 

Introduction.  The  origin  of  microdiamonds  (crystals  <  1  mm)  is  widely  debated  by  various 
researchers.  Microdiamonds  intrigue  the  researchers  by  their  role  in  the  genesis  of  macrodiamonds. 
The  most  reliable  evidence  of  the  conditions  of  diamond  growth  comes  from  mineral  inclusions 
trapped  in  the  process  of  their  growth  and  from  study  of  structural  admixture  centers.  We  have 
examined  2040  unbroken  crystals,  amounting  about  50%  of  the  whole  collection  of  microdiamonds 
from  the  Yubileinaya  kimberlite  pipe,  Yakutia.  The  specimens  having  lost  more  than  one  third  of 
crystal  were  considered  fragments  and  excluded  from  examination. 

The  Yubileinaya  pipe  is  situated  in  the  central  part  of  the  Daldyn-Alakit  kimberlite  field  of  the 
Yakutian  diamondiferous  province.  The  pipe  age  determined  by  the  zircon-based  U-Pb  method  is 
358.1  Ma  (Davis  et  al.,  1980). 

Methods.  Specific  features  of  the  outer  morphology  and  microrelief  of  microcrystals  were  studied  by 
means  of  the  JSM-35  scanning  electron  microscope.  In  addition,  some  morphological  features  of 
microdiamonds  and  inclusions  in  them  were  examined  by  the  Zeiss  Axiolab  polarization  microscope. 
Some  physical  properties  of  microdiamonds  were  characterized  on  the  basis  of  absorption  spectra  in 
the  IR-,  UV-,  and  visible  domains.  The  IR-spectra  were  obtained  by  the  Perkin-Elmer  325 
spectrophotometer  with  the  help  of  a  special  accessory  for  microsamples.  The  UV  and  visible  spectra 
are  recorded  on  the  Specord  M40  spectrophotometer.  The  chemical  composition  of  inclusions  is 
determined  with  the  Camebax-micro,  electron  probe. 

Morphology.  Microdiamonds  are  various  in  shape.  Crystals  of  octahedral,  dodecahedral,  and  cubic 
habits,  rounded  crystals,  random  and  regular  intergrowths,  as  well  as  microaggregate  formations. 
Regular  natural  crystals  of  diamond  are  relatively  rare.  As  usual,  these  are  octahedra.  In  the  studied 
pipe  they  amount  18%.  However,  subjected  to  close  examination,  even  apparently  perfect  plane-face 
and  sharp-edge  octahedra  appear  to  be  either  slightly  flattened  along  one  of  the  axes  L3  or  slightly 
extended  in  the  direction  of  one  of  the  axes  L2.  Octahedron  faces  are  often  of  polycentric  structure. 
The  surfaces  of  octahedron  faces  of  some  crystals  were  completely  patterned  with  triangular  pits 
oriented  to  follow  the  outlines  of  { 1 1 1 }  faces.  Dodecahedroids  amount  31%.  Among  the  sculptures 
on  the  {110}  surfaces  of  microdiamonds,  the  most  abundant  are  drop-like  hills,  splintery  and,  more 
rarely,  sheaf-like  striation  where  the  axes  L3  come  to  the  surface.  Crystals  of  this  kind  are 
characterized  by  bands  of  plastic  deformation.  Cuboids  are  the  most  rare  group  of  crystals, 
amounting  as  little  as  1%.  As  a  rule,  their  faces  are  convex  and  sculptured  with  coarse  striation. 

The  most  microdiamonds  from  the  Yubileinaya  Pipe  are  polycrystalline  aggregates  (40% 
polycrystalline  aggregates  and  10%  twins).  This  group  includes  spinel-twinned  and  irregular 
intergrowths.  The  former  consist  of  two  or  more  individuals  with  parallel  elements  of  symmetry  of 
crystals  of  octahedron  habit.  The  irregular  intergrowths  are  composed  of  a  great  number  of  various- 
sized  crystals.  Abundant  mineral  inclusions  are  observed  in  these  aggregates. 

Infrared  results. The  predominant  nitrogen  centers  in  the  microdiamonds  from  the  Yubileinaya  Pipe 
are  A  and  B 1 .  There  are  no  significant  amounts  of  C-centers.  Six  per  cent  of  octahedral  crystals  and 
25%  of  dodecahedroids  contain  a  hydrogen  admixture  (lines  3107  and  1405  cm'1  in  IR  spectrum). 
The  N3  and  N9  band  systems  are  noticed  in  the  absorption  spectra  of  crystals  in  the  UV  and  visible 
spectra. 
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Yubileynaya  pipe 

■  macrodiamonds 
(n=19) 

■  microdiamonds 
(n=27) 
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□  Mir+Sputnik 
(n=109) 

■  Sytykanskaya 
(n=94) 

■  Udachnaya 

(n=90) 


According  to  the  nitrogen  content  and  aggregation,  the  studied  microdiamonds  are  subdivided  into 
several  groups  within  one  pipe.  The  nitrogen-free  crystals  (type  II)  amount  53%  among  the 
Yubileinaya  octahedral  microdiamonds  (for  comparison,  in  the  Udachnaya  and  Sytykanskaya  pipes 
their  amount  is  not  more  than  4%)  (Zedgenizov  et 
al.,  1998).  According  to  data  of  cathode 
luminescence,  these  crystals  are  of  block  structure. 

For  N-containing  octahedra  the  predominant  center 
is  Bl,  while  dodecahedroids  are  represented  by 
crystals  IaA-IaB.  Microdiamonds  of  type  II  are 
quite  rare  among  dodecahedroids.  Cuboids  contain 
relatively  more  nitrogen  than  the  rest  of  the 
crystals.  The  overwhelming  majority  of  cuboids 
contain  nitrogen  only  in  the  form  IaA.  In  the 
specimen  Yu-1  which  is  a  cuboid  enriched  in 
nitrogen  (3300  ppm)  a  high  content  of  hydrogen  is 
observed  (absorption  bands  3107  and  1405  cm'1). 

Thus,  nitrogen  content  and  degree  of  its  aggregation 
in  microdiamonds  from  the  Yubileinaya  pipe  are 
different.  Probably  this  is  evidence  of  different 
conditions  of  growth  of  microdiamonds  even  within 
one  pipe. 

Mineral  inclusions.  Olivine  is  the  commonest 
inclusion  and  is  documented  in  more  than  85%  of  all 
the  microdiamonds  with  inclusions  under  study.  In 
five  cases  more  than  one  olivine  inclusion  are 
examined  within  one  diamond.  With  rare  exception 
(2  cases)  their  compositions  do  not  differ.  The 
forsterite  content  varies  from  86,6  to  93.9%.  In 
peculiar  features  of  composition,  the  olivine 
inclusions  from  microdiamonds  are  generally  close 
to  the  olivines  from  the  macrodiamonds  from 
Yakutian  kimberlites  (Fig.)  (Sobolev  et  al.,  1997; 

Meyer,  1987;  Zedgenizov  et  al,  1998).  However, 

19%  of  the  Yubileinaya  microdiamonds  contain 
more  ferruginous  olivines  (Fo  =  86,6  -  88,7%). 

In  addition  to  olivines,  there  are  inclusions  of  garnet, 
chromite,  ilmenite,  and  a  great  deal  of  sulfides.  Also, 
moissanite  was  found  in  one  diamond. 

Garnets  belong  to  the  U-type  paragenesis  (10.3% 

Cr2C>3,  3.23%  CaO).  Chromites  are  Cr-rich  varieties 
(64.2  to  65  wt.%  Cr203).  Ilmenites  contain  no  Mg 
admixture,  and  their  varieties  of  this  kind  have  been 
described  elsewhere  (Meyer,  1987). 

In  five  cases  silicate  inclusions  are  observed;  compositionally,  they  differ  from  the  known  silicate 
inclusions  in  the  diamond.  They  are  characterized  by  an  elevated  content  of  K20  (1.36-3.6  wt.%). 
Inclusions  of  this  composition  were  earlier  described  in  cubic  crystals  and  coated  diamond  (variety 
IV  according  to  Orlov),  where  they  are  defined  as  inclusions  of  K-rich  silicate  melt  (Schrauder, 
Navon,  1992).  The  presence  of  these  inclusions  in  microdiamond  is,  probably,  evidence  of  a  greater, 


Fig.  Forsterite  content  in  olivines  included  in: 
macro-  and  microdiamonds  from  Yubileynaya  (A); 
macrodiamonds  from  Mir, Sputnik,  Sytykanskaya 
and  Udachnaya  pipe,  Yakutia  (B);  macrodiamonds 
from  various  deposits  of  Asia,  America,  and  Africa 
(Meyer,  1987)  (C )  .n  -  number  of  specimens. 
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as  compared  with  macrodiamonds,  diversity  of  paragenetic  associations  and  a  more  significant  role 
of  K-rich  mineral-forming  medium. 
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FOR  THE  URALIAN  (BRAZILIAN)  TYPE  DIAMOND  PLACERS 
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The  Urals  is  the  classic  region  for  economic  diamond  placers.  The  origin  of  the  placers  was  not  clear 
till  the  recent  time. The  traditional  tectonic  concept  of  the  region  as  a  geosynclinal  mobile  belt  provided 
no  way  to  hypothesize  existence  of  diamond-bearing  kimberlites.  New  data  on  the  deep  structure  and 
magmatism  of  the  Ural  Region  were  obtained  in  the  course  of  the  performed  research.  Those  data 
provide  to  identify  probable  sources  of  placer  diamonds. 

New  data  provide  to  think  that  some  regions  of  Urals,  especially  of  its  western  slope  are 
intercontinental  rift  type  structures  on  the  platform  basement. Alkaline  -  ultrabasic  magmatik 
manifestations  of  variable  ages  are  related  to  these  structures  kimberlites,  lamproites  as  well  as 
diamond-bearing  rocks  of  a  new  type  have  been  discovered  recently  in  many  regions  of  the  Urals.  The 
latter  are  tuffizites  and  xenotuffizites  which  contain  diamonds  of  the  Uralian  type.  These  rocks  are 
hypothesized  to  be  source  rocks  for  placer  diamonds. 

Dikes  and  diatremes  of  ultra-potassic  basic  and  ultrabasic  rocks  Mesozoic  in  age  close  in 
composition  to  sanidine  lamproites  have  been  examined  in  the  Chernyshov  Range  (  the  Polar  Urals). 
[Luk’yanova  L.,  Derevyanko  I.,  Dymnikova  N.,  et  al.,1993.].  High  content  of  Cr  -  diopside,  omphacite, 
perovskite,  pyrope,  picro-ilmenite  have  been  discovered  in  the  alluvium  within  the  area  and  diamonds 
have  been  found  here.  This  region  seems  to  be  promising  for  discovery  of  kimberlite  type  and  lamproite 
type  deposits.  A  stock  and  a  number  of  dikes  of  kimberlite  intruding  Ordovician  rocks  have  been 
discovered  near  to  the  Polar  Urals.  They  are  massive,  porphyric,  not  often  autolithic  in  fabric  with 
xenolithes  of  ultramafic  rocks  and  of  eclogite.[  Luk’yanova  L.,  and  BeTskii  A.,  1987.].  Kimberlites  are 
amphibolized  and  carbonatized.  Halos  of  associated  minerals  (exclusive  of  pyrope)  have  been  mapped 
and  crystals  of  diamond  have  been  found  in  alluvial  deposits  within  the  area.  Numerous  placers  of 
rounded  diamonds  of  the  Uralian  (Brazilian)  type  are  known  in  the  Northern  Urals  in  the  Polyudov 
Kryazh  area.  Tuffizites,  xenotuffizitess  and  sandy  tuffs  containing  similar  diamonds  were  discovered 
here  in  1995-1 996. [  Rybalchenko  A.,  Kolobyanin  V.,  Luk’yanova  L.,  et  al.,  1997.].  Tens  of  intersecting 
veins  showing  branchy  pattern,  linear  stockworks,  and  stratimorphic  bodies  up  to  2  km  long  and  1-2  m 
to  several  tens  of  metres  thick  as  well  as  diatremes  up  to  150  m  in  diameter  have  been  discovered.  In 
many  cases  the  bodies  are  positioned  in  the  bedrock  beneath  the  placers  and  their  location  is  controlled 
by  intersections  of  deep  sublatitudinal  structures  with  longtitudinal  interstratal  strike-slip  thrust  faults. 
The  bodies  penetrate  the  rocks  from  the  upper  Riphean  to  the  Carboniferous  and  have  been  changed  by 
post-magmatic  fluidal-metasomatic  processes  (agillitizaion,  silification,  ferruginization, 
carbonatization,  and  other).  Now  the  rocks  are  argillizated  breccia,  microbreccia,  or  sandy-argillaceous 
rock  of  tuff  appearance.  Tuffizites,  xenotuffizites,  and  sediments  injectioned  by  tuffizite  material  can  be 
identified.  The  rocks  are  characterized  by  fluidal  and  linear  structures,  by  the  presence  of  resorbed 
xenogenic  material,  by  autolith-like  features,  by  the  pseudomorphosed  phenocrysts  of  mica,  pyroxene, 


515 


olivine  and  illite-smectite  matryx.  Carbonates,  titanium  and  manganese  minerals,  oxides  and 
hydrooxides  of  iron,  sulphides  are  present  as  an  admixture.  Xenogenic  material  is  represented  by 
quartz,  fragments  of  sandstone,  quartzite,  more  rarely  -  by  fragments  of  felspar  and  other.  Large 
xenolithes  of  carbonaceous  and  terrigenous  host  rocks  are  broken  and  penetrated  by  veinlets  of 
tuffisites.  The  identification  of  tuffisites  and  of  their  initial  composition  is  difficult  because  of  intense 
secondary  alterations.  Initial  rock  is  not  presented  in  the  results  of  chemical  analyses.  The  content  of 
indicative  elements  (Rb,  Zr,  Y)  and  K/Rb  and  U/Th  ratio  allow  to  suggest  their  primary  alkaline  - 
ultrabasic  composition.  Diamonds  and  associated  minerals  have  been  found  in  all  types  of  volcanites. 
Diamonds  are  presented  by  dodecahedroides,  often  -  by  flattened,  colourless,  yellowish  and  pinkish 
crystals  and  their  fragments.  Black  inclusions  and  spots  of  pigmentation  have  been  reported  in  some 
crystals.  Heavy  minerals  fraction  of  volcanites  consists  mostly  of  limonite,  hematite  and  pvrite. 
Clynopyroxenes  (diopside,  salite,  omphacite),  orthopyroxene,  olivine,  garnets  (pyrope,  almandine, 
spessartine-almandine,  uvarovite),  aggregates  of  omphacite  and  garnet  (eclogitic  paragenesis),  chrome- 
spinellides,  ilmenite,  picroilmenite,  armalcolite,  titanomagnetite,  moissanite.  barite,  sulphides  of  zinc 
and  lead,  minerals  of  manganese,  florencite,  native  iron,  native  gold  (containing  admixtures  of  Ag.  Cu, 
Hg),  mercury,  silicium  are  present  in  small  amounts.  Ball-shaped  mineral  aggregates  -  spherites  -  are 
constantly  present.  They  have  surface  hardening  incrustation  composed  of  amorphous  alkaline-alumo- 
silicate  matter.  Carbonate-manganese-ferruginous  and  titano-ferruginous  spherites  of  zonal  structure 
are  usual.  The  cores  of  the  spherites  are  composed  of  native  iron,  the  middle  parts  -  of  titanomagnetite, 
ilmenite,  picroilmenite,  the  periphery  -  ferrotitanates  including  rutile.  Spherites  composed  by 
amorphous  alkaline-ore-silicate  matter  are  frequent.  Sometimes  this  matter  dissociation  pattern  with 
ilmenite  phase  containing  MnO  up  to  11  -  17  per  cent.  Spherites  composed  of  aggregate  apatite  and 
chrome-spinellide  are  present  as  well.  Pyropes  of  the  dunite-harzburgite  and  lherzolite  paragenesis  are 
present  as  oval  and  irregular  grains  up  to  2  mm  with  corroded  and  sculptured  surfaces.  Chrome- 
spinellide  of  variable  composition  (including  high-chromous  of  the  adamantine  paragenesis, 
manganese,  zinc,  and  vanadium-bering)  form  octahedronic  crystal  with  smoothed  tops  and  edges,  and 
rounded  and  irregular  grains  0,05-2  mm  size.  Picroilmenite,  often  with  a  high  content  of  chromium, 
occurss  as  fattened  crystals  and  oval  grains(see  table).  Lamproite  dikes  of  three  varieties  (diopside- 
olivine-phlogopite,  leucite-olivine-phlogopite,  and  olivine-phlogopite)  have  been  mapped  in  the  South 
Urals,  in  the  Magnitogorsk-Verkhneuralsk  Region. [  Luk’yanova  L.,  Mareichev  A.,  Mashchak  I.,  et  al., 
1992.].  High  pressure  minerals  (pyrope,  picroilmenite,  chrome-spinnelide)  chemically  characteristic  of 
diamond-bearing  lamproites  in  Australia  are  present  in  the  olivine  -  flogopite  variety.  Rb  /  Sr  age  of 
this  complex  is  197-240  my.  The  emplacement  of  lamproites  is  the  final  stage  of  Paleozoic-Mesozoic 
alkaline  magmatism  connected  to  tectonic  and  magmatic  activization  of  the  Magnitogorsk  Sinclinorium 
and  the  Eastern  Urals  Rise.  This  region  of  the  Urals  is  promising  for  discovery  of  bedrock  deposits  of 
the  lamproite  type  diamonds. 

Concluseions 

The  Ural  Mobile  Belt  is  extremeli  promising  for  discovery  of  bedrock  deposits  of  diamond  of  a 
kimberlite,  of  a  lamproite  and  of  a  new  (tuffizite)  types.  Prosspecting  aimed  to  discovery  of  the  latter 
type  should  not  be  limited  to  the  Ural  Mobile  Belt  area.  It  is  realastic  that  similar  type  volcanites  can 
also  be  found  in  those  regions  of  the  world  where  diamond  placers  of  the  Uralian  (Brazilian)  type  are 
known. 
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Prognosis 

Structural-tectonic  position,  morphology  of  the  bodies,  and  characters  of  the  composition  and  of  the 
fabric  of  these  rocks  can  serve  as  criteria  for  prospecting  and  prediction  of  diamond  -  bearing  tuffizites 
in  other  regions. 


Composition  of  certain  minerals  of  xenotuffisites  from  the  Krasnovishersk  district  of  the  Urals,  wt%. 


no 

SiO: 

TiO, 

ai2o3 

Cr203 

Fe203 

FeO 

MnO 

MgO 

CaO 

Total 

1 

0.48 

0.65 

2.54 

Chrome-spinels 

67.22  -  21.77 

7.32 

99.98 

2 

0.41 

2.42 

2.77 

64.51 

- 

22.23 

- 

7.69 

- 

100.03 

3 

- 

- 

5.87 

63.65 

3.19 

16.74 

- 

10.48 

- 

99.93 

4 

0.38 

0.57 

12.68 

62.63 

- 

14.59 

- 

9.64 

- 

100.59 

5 

0.41 

1.09 

20.43 

58.86 

- 

13.04 

.  - 

7.49 

- 

101.32 

6 

0.52 

4.39 

6.72 

49.59 

7.31 

19.89 

- 

11.47 

- 

99.89 

7 

0.33 

- 

13.81 

42.07 

13.06 

23.70 

- 

6.90 

- 

99.87 

8 

- 

2.20 

12.71 

37.66 

16.28 

19.61 

2.68 

8.71 

- 

99.85 

9 

- 

1.05 

12.43 

34.20 

20.59 

24.96 

1.07 

5.50 

- 

99.81 

10 

. 

0.32 

7.52 

53.77 

8.72 

20.23 

2.49 

6.85 

- 

99.99 

11 

0.05 

0.18 

5.65 

65.60 

2.22 

14.00 

0.33 

12.60 

- 

100.63 

12 

- 

0.16 

5.74 

68.80 

- 

14.70 

0.53 

11.60 

- 

101.53 

13 

49.30 

Umenites 

43.47 

1.84 

4.21 

98.92 

14 

- 

46.83 

- 

- 

- 

49.36 

2.46 

- 

- 

98.65 

15 

- 

42.40 

0.36 

5.89 

- 

42.10 

- 

7.16 

- 

97.91 

16 

- 

50.09 

0.40 

6.29 

- 

31.24 

- 

11.14 

- 

99.16 

17 

41.00 

16.13 

11.55 

Gametes 

7.37 

18.68 

5.39 

100.12 

18 

41.40 

- 

16.98 

11.03 

- 

6.08 

- 

22.09 

2.48 

100.06 

19 

41.45 

- 

17.48 

8.71 

- 

6.87 

- 

18.77 

6.75 

100.03 

20 

41.55 

- 

20.70 

5.23 

0.33 

5.39 

0.54 

22.06 

3.77 

99.57 

21 

42.26 

- 

21.50 

4.80 

- 

5.85 

- 

22.23 

3.40 

100.04 

Note:  Microprobe  analyses  were  performed  at  VSEGEY  (CAMEBAX;  Yacovleva  O.A.,  analyst);  (1 1-12)  -  [5] 


References 

1.  Luk’yanova  L.,  Derevyanko  I.,  Dymnikova  N.,  et  al.,1993.Dokl.  Ross.  Akad.  Nauk,  vol.  330.  No.  5. 
Pp.617-619. 

2.  Luk’yanova  L.,  and  Bel’skii  A.,  1987.  Sov.  Geol.  No.  7,  pp.92  -  102. 

3.  Rybalchenko  A.,  Kolobyanin  V.,  Luk'yanova  L.,  et  al.,  1997.  Dokl.  Ross.  Akad.  Nauk,  vol.  353.  No. 
2.  Pp.223  -  226. 

4.  Luk’yanova  L.,  Mareichev  A.,  Mashchak  I.,  et  al.,  1992.  Dokl.  Ross.  Akad.  Nauk,  vol.  324.  No.  6. 
Pp.1260  -  1264. 

5.  Shemanina  E.,  and  Bogomol’naya  L.,  1980.  Tr.TsNIYRI.,  no.  153.  Pp.89  -  95. 


517 


Geophysical  Survey  over  the  Elizabeth  Bay  Mine,  Namibia 


H.  Ltitjen  J.  Blume2,  and  C.C.  Pretorius  1 

I.  Geophysical  Services  Department,  Anglo  American  Corporation  of  South  Africa  Ltd,  PO  Box  61587,  Marshalltown 
2107,  South  Africa 

2.  J.  Blume,  Geoelectrical  Consultant,  1 10  Seventh  Road,  Kew,  2090,  Johannesburg,  South  Africa 


Abstract 

It  was  decided  that  geophysics  could  play  a  significant  role  in  mapping  the  diamondiferous  aeolian 
deposits  at  Elizabeth  Bay.  The  emphasis  was  to  derive  more  from  the  geophysics  than  merely 
determining  orebody  thickness  and  the  occurrence  of  clay  ,  but  also  to  extract  information  on  the  degree 
of  cementation  of  the  deposit  to  assist  mine  geologists  and  engineers  in  mine  planning.  A  detailed 
electrical  survey  was  carried  out,  followed  by  borehole  logging  and  seismic  refraction  work.  Accurate 
geophysical  models  of  the  orebody  were  achieved. 


Introduction 

During  1 994  and  1 995  a  comprehensive  geophysical  survey  was  conducted  at  the  Elizabeth  Bay  Mine 
in  Namibia  to  map  the  diamondiferous  aeolian  deposits  in  order  to  understand  the  deposition  and 
distribution  of  the  ore.  The  specific  (and  rather  ambitious)  objectives  of  the  project  were  to  determine 
and  map  the  following  parameters: 

(1)  The  thickness  and  volume  of  the  total  aeolian 
package. 

(2)  The  thickness  of  the  clay  footwall  rocks. 

(3)  The  bedrock  elevation  and  structure. 

(4)  The  degree  of  cementation  in  the  aeolian  package. 

It  was  recommended  that  DC  resistivity  was  the  best  surface  technique  to  use,  but  that  this  would  have 
to  be  supplemented  by  drilling,  geophysical  borehole  logging  and  seismic  work  to  achieve  better 
resolution. 

Geology  of  the  Elizabeth  Bay  Mine 

The  outcropping  basement  geology  comprises  the  Namaqua  Metamorphic  Complex  and  consists 
predominantly  of  gneisses,  granites  and  occasional  amphibolitic  schists  which  have  undergone  various 
phases  of  tectonic  deformation.  Miocene  clays  are  encountered  especially  in  bedrock  depressions  and 
paleo  channels,  covered  by  post  miocene  aeolian  sands,  deposited  by  strong  winds  from  the  south. 
These  aeolianites  were  at  certain  times  water  saturated  and  cementation  by  dissolved  calcite  and 
subordinate  gypsum  took  place.  Additionally,  in  the  southwest  of  the  prospect,  a  large  pan  area  which  is 
presently  not  mined  was  investigated. 
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Geophysical  Methods 
Resistivity 

The  vertical  electrical  sounding  technique  in  Schlumberger  configuration  was  employed  resulting  in  a 
total  of  247  vertical  electrical  soundings  on  a  400m  x  200m  grid.  These  were  processed  (Joubert,  1977) 
to  obtain  thickness,  elevation  maps  and  an  estimate  of  the  degree  of  cementation  of  the  aeolian 
package.  The  geoelectrical  interpretation  was  largely  controlled  by  calibration  soundings  along  a 
geotechnical  drill  line  located  in  the  center  of  the  area  under  investigation  and  were  reinterpreted  based 
on  the  results  of  46  additionally  drilled  percussion  holes. 

The  thickness  and  volume  of  the  aeolian  package  and  also  the  thickness  of  the  clay  footwall  rocks  were 
determined  and  tied  into  the  drilling  information.  The  bedrock  elevation  and  structure  have  been 
mapped  and  it  is  clear  that  pre-existing  bedrock  topography  had  considerable  influence  on  the 
deposition  of  both  the  clay  and  aeolian  sediments.  The  north-west  trending  bedrock  depression  in  the 
south-central  grid  coincides  with  the  zone  of  thickest  sedimentation. 

With  regard  to  the  degree  of  cementation,  semi-quantitative  estimates  have  been  derived  by  using  the 
Dar  Zarrouk  parameter  S  (longitudinal  conductance)  for  the  entire  aeolian  package  (Van  Zijl,  1985). 
Because  of  the  integrative  nature  of  resistivity  this  method  yields  a  map  of  the  average  expected 
cementation  for  the  whole  aeolian  package  calibrated  by  the  results  of  the  geotechnical  boreholes  and 
the  geophysical  borehole  logs. 

Seismic  refraction 

72  seismic  spreads  with  a  geophone  spacing  of  lm  and  a  length  of  23m  were  finally  completed.  The 
seismic  spreads  were  mainly  conducted  at  geotechnical  and  percussion  borehole  sites  to  test  the 
technique's  results  against  the  borehole  geophysics  and  the  actual  mechanical  estimates  of  cementation. 
The  seismic  data  were  analyzed  with  the  generalized  reciprocal  method  (Palmer,  1980). 

Generally  the  seismic  velocities  of  the  first  consolidated  layer  with  velocities  below  800m/s  indicate 
low  cementation  and  velocities  ranging  from  800m/s  to  4600m/s  refer  to  medium  to  high  cementation 
or  flat  lying  bedrock. 

Generally  the  seismic  refraction  method  provides  results  only  to  the  first  high  velocity  layer  i.e.  for  the 
upper  few  meters  of  the  aeolian  deposit  because  of  the  limited  spread  length. 

Geophysical  Borehole  Logging 

43  of  the  percussion  boreholes  were  logged  with  the  following  tools: 

Total  gamma  radiation 

Spectral  gamma  radiation 

Density 

Neutron 

Induction 

Caliper 

In  addition,  the  drill  penetration  rates  were  monitored  during  the  drilling  process  to  obtain  a  further 
estimate  of  the  relative  cementation  of  the  aeolianites.  The  identification  of  cemented  bands  in  the 
aeolian  deposit  is  based  on  the  premise  that  these  zones  will  have  lower  porosity  than  the  uncemented 
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sands/grits  and  clays.  In  validating  indications  of  cementation  against  drill  penetration  rates  it  is  also 
evident  that  the  penetration  rate  may  be  reduced  by  the  presence  of  clay.  Both  the  density  and  neutron 
logs  are  sensitive  to  porosity  changes. 

Lithological  variations  will  lead  to  differences  in  porosity  being  computed  by  density  and  neutron  logs. 
In  more  argillaceous  sections  the  neutron  log  will  over-estimate  the  porosity,  whilst  in  heavy  mineral 
bands  there  is  the  potential  for  the  density  log  to  under-estimate  the  porosity.  To  ensure  that  evidence  of 
cementation  is  not  over-looked,  the  minimum  computed  porosity,  calculated  by  density  and  neutron, 
was  used  in  identifying  cemented  intervals. 

In  shallow  borehole  sections  above  the  water  table  the  density  log  will  produce  over-estimates  and  the 
neutron  log  under-estimates  of  porosity,  therefore  an  average  porosity  was  taken  in  these  sections. 

A  good  correlation  between  inverse  penetration  rate  and  calculated  cementation  can  be  observed. 


Conclusions 

This  study  shows  that  geophysics  can  be  useful  in  obtaining  information  on  parameters  other  than  those 
recorded  during  normal  prospecting  applications. 

Geological  and  physical  conditions  change  rapidly  within  the  investigation  area  and  it  was  important  to 
consider  the  resolution  of  the  three  applied  geophysical  methods.  A  measure  of  cementation  was 
derived  from  all  the  geophysical  methods.  Because  of  the  integrative  nature  of  resistivity  this  method 
yields  a  map  of  the  average  expected  cementation  for  the  whole  aeolian  package  calibrated  by  the 
results  of  the  geotechnical  boreholes. 

Seismic  refraction  and  geophysical  logging  yielded  information  about  the  cementation  with  a  higher 
spatial  resolution  than  resistivity  but  with  less  area  coverage.  For  future  projects  it  is  therefore 
recommended  that  these  methods  are  calibrated  against  mining  related  parameters  on  site,  i.e. 
rippability,  crushability  or  uniaxial  compressive  strength  indices. 
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This  contribution  deals  with  diamond-bearing  rock  fragments  recovered  recently  during  audit 
procedures  on  mine  concentrates  from  the  Orapa  kimberlite.  A  total  of  1 49  fragments  were  obtained 
for  study.  These  consist  of  kimberlite  (92  examples),  eclogites  (54  specimens)  and  peridotites  (3 
fragments).  The  specimens  range  from  2  to  40  mm  in  size  and  weigh  approximately  0.02  to  40 
gram.  Typically  only  one  diamond  is  exposed  on  the  surface  of  the  fragments  with  larger  numbers 
(up  to  four)  being  contained  in  the  mantle-derived  xenoliths.  Eclogites  are  usually  bimineralic 
although  a  number  of  specimens  comprise  only  of  garnet  or  clinopyroxene.  The  three  peridotitic 
fragments  consist  of  orthopyroxene  (1  specimen)  or  of  olivine  with  orthopyroxene  (2  specimens). 
Diamond  shapes  range  from  the  rounded  dodecahedral  form  in  the  kimberlite  fragments  to  sharp- 
edged  octahedra  in  the  case  of  the  mantle-derived  xenoliths.  Many  of  the  diamonds  in  the  xenoliths 
are  partially  graphite-coated. 

Minerals  were  analysed  for  major  and  minor  elements  using  a  C  AMEC  A  SX50  electron  microprobe 
at  the  Anglo  American  Research  Laboratories.  The  garnets  in  the  eclogite  xenoliths  analysed  in  this 
study  are  variable  in  composition  and  range  from  magnesian  varieties  to  iron-rich  and/or  calcium- 
rich  types  (Figure  1).  Elevated  contents  of  Na20  in  garnet  and  K20  in  clinopyroxene  are  observed 
for  most  of  the  xenoliths  (Figure  2),  corresponding  to  the  Group  1  eclogite  chemistries  as  defined 
by  McCandless  and  Gurney  (1989).  Equilibration  temperatures  calculated  from  gamet- 
clinopyroxene  pairs  utilising  the  thermometer  of  Ellis  and  Green  (1979)  range  from  ~980°C  to 
~1425°C  (Figure  3).  The  mineral  chemistry  and  conditions  of  equilibration  of  the  Orapa  eclogite 
xenoliths  analysed  in  this  study  are  broadly  similar  to  that  of  Orapa  eclogites  described  in  previous 
investigations  of  diamond-bearing  xenoliths  from  this  mine  (Robinson  et  al.,  1984:  Deines  et  al., 
1991). 

Orthopyroxenes  and  olivines  in  the  peridotite  xenoliths  are  magnesian  with  compositions  of  F092-93 
and  En93  36-93  93- 
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CaO 


MgO  FeO 

Figure  1:  Ca-Mg-Fe  plot  of  garnets  and  clinopyroxenes  in  eclogite  xenoliths  and  eclogitic 
diamonds  from  the  Orapa  mine.  Data  from  this  study  as  well  as  Robinson  et  al.  (1984)  and  Deines 
et  al.  (1991). 


Figure  2:  Plot  of  Na20  in  garnet  vs  K  2O  in  clinopyroxene  for  eclogite  xenoliths  as  well  as  eclogitic 
inclusions  in  diamond  from  the  Orapa  mine. 
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Figure  3:  Plot  of  Xca  in  garnet  versus  ln(Ko)  for  gamet-clinopyroxene  pairs  in  eclogite  xenoliths 
and  eclogitic  diamond  from  the  Orapa  mine. 
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This  study  describes  the  results  of  petrographic  and  various  geochemical  analyses  conducted  on  seven 
kimberlite  samples  (samples  2-8)  from  Rex  Mine,  obtained  courtesy  of  Rex  Mining  Corporation. 

Rex  Mine  is  situated  on  the  farm  Stieniesrus,  approximately  10  kilometers  north  of  the  town  of 
Theunissen  in  the  central  Free  State  (Map  1).  The  kimberlite  on  the  property  occurs  as  a  closely 
spaced  system  of  dykes,  and  forms  part  of  the  western  extension  of  the  South  Line  of  the 
Theunissen  kimberlite  cluster.  The  dykes  have  intruded  flat  lying  shales  and  sandstones  of  the  Late 
Permian  to  Early  Triassic  Beaufort  Series  of  the  Karoo  Supergroup.  Dolerite  dykes  and  sills  which 
predate  the  kimberlite  are  common  in  the  area  (Hill,  1989). 

The  kimberlite  is  classified  petrographically  as  an  olivine-rich,  micaceous  Group  II  kimberlite  of 
the  hypabyssal  facies.  Samples  2  -  7  are  derived  from  various  dykes  and  are  classified  as  uniform  or 
uniform  to  segregationary  textured  macrocrystic  phlogopite  kimberlite,  while  sample  8  is  derived 
from  a  blow  on  a  dyke  and  is  classified  as  a  segregationary  textured,  lithic-rich  kimberlite  breccia. 
Diopside  is  relatively  rare  in  the  samples  studied,  which  may  suggest  that  the  kimberlite  is 
reasonably  unevolved  (Mitchell.  1995).  Primary  groundmass  minerals  include  fine-grained 
phlogopite.  spinel,  apatite,  perovskite  and  calcite.  The  whole  rock  TiCU/Y  and  Zr/Nb  concentration 
ratios  confirm  the  petrographic  classification  of  the  samples  as  Group  II  kimberlites. 

The  indicator  mineral  chemistry  of  samples  4,  7  and  8  is  compared,  not  only  with  each  other,  but 
also  with  data  for  the  eleven  neighbouring  kimberlite  localities  studied  by  Hill  (1989).  These 
include  three  dykes  at  Star  Mine,  the  Retreat.  Hendriena.  Leliesdal  and  Braklaagte  dykes,  as  well  as 
Monteleo  Mine.  Rex  Mine.  Geomine  and  Driekoppies  pipe. 

According  to  the  Gurney  (1984)  classification  system,  the  total  garnet  population  of  the  three 
samples  consists  predominantly  of  G09  and  G10  garnets,  as  well  as  a  significant  proportion  of 
eclogitic  and  low-Cr203.  high-TiCL  megacrvstic  grains  (Fig.l).  A  high  proportion  of  the  grains 
analysed  from  each  sample  fall  within  the  G10  compositional  field,  being  most  abundant  in  sample 
4.  The  lherzolitic  (G09)  garnet  population  of  each  sample  includes  a  number  of  high-Cr203  grains. 
Despite  a  smaller  dataset,  the  total  garnet  population  from  the  kimberlites  studied  by  Hill  (1989)  is 
very  similar  to  that  of  this  study. 

A  comparison  is  made  between  samples  4.  7  and  8  and  the  eleven  localities  of  HilTs  thesis  (1989) 
in  terms  of  the  percentage  of  peridotitic  garnets  present.  This  demonstrates  that  certain  dykes  in  the 
Theunissen  cluster  show  a  wide  variation  in  the  proportion  of  peridotitic  or  eclogitic  garnets  along 
strike. 

The  garnet  mineral  chemistry  of  the  samples  suggests  that  the  kimberlite  dykes  at  Rex  Mine  have 
sampled  a  mantle  composed  of  garnet  harzburgite.  garnet  lherzolite  and  minor  eclogite. 

The  spinels  from  the  three  Rex  Mine  samples  are  chemically  similar  and  exhibit  typical  kimberlitic 
trends  on  the  CY2O3  vs  MgO  plots  of  Gurney  (1989).  The  spinel  population  from  each  sample  is 
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characterised  by  high  average  C^Ch  contents  and  a  significant  proportion  of  grains  that  plot  within 
the  field  of  compositions  associated  with  diamond  inclusions  (Fig.  2).  A  similar  scenario  exists  for 
the  total  spinel  population  from  Hill's  thesis  (1989),  despite  the  use  of  a  considerably  smaller 
dataset.  The  chemical  consistency  demonstrated  by  the  spinels  from  Rex  Mine  and  surrounding 
localities  suggests  that  the  various  kimberlite  dykes  in  the  cluster  sampled  a  mantle  of  similar 
composition  in  a  broadly  similar  manner. 

Ilmenite  is  rare  in  the  Rex  Mine  samples  (Fig. 3),  and  is  absent  from  the  concentrate  samples  of  the 
eleven  neighbouring  localities.  According  to  the  classification  system  of  Sobolev  et.  al  (1992), 
virtually  the  entire  clinopyroxene  population  extracted  from  the  three  Rex  Mine  samples  is  derived 
from  garnet  peridotite  (Fig.  4). 

The  trace  element  geochemistry  of  a  preferentially  selected  garnet  population  was  determined  by 
LA-ICP-MS  analysis.  The  resultant  pressure-temperature  data  suggest  a  geotherm  of  37mW/m2  and 
indicate  that  a  moderate  to  high  degree  of  sampling  occurred  within  the  diamond  stability  field. 
Sampling  by  the  kimberlite  of  a  depleted  lithosphere,  with  little  evidence  for  melt  or  hydrous 
metasomatism,  is  also  indicated. 

Five  mica  samples  from  sample  6  and  five  from  sample  7  were  selected  for  87  Rb/ 86  Sr  age  analysis. 
Regressing  9  of  the  samples  (excluding  one  from  sample  7)  yields  an  errorchron  age  result  of  135  ± 
6  Ma,  with  an  initial  Sr  ratio  of  0.71 1  ±  0.002.  This  age  is  in  accordance  with  known  ages  of  other 
Group  II  kimberlites,  for  example  Lace  Mine  in  the  Kroonstad  area  (Phillips  et.  al.,  1998). 

The  petrographic  analysis,  indicator  mineral  chemistry  and  garnet  geochemistry  indicate  that  the 
Rex  Mine  kimberlite  is  highly  favourable  in  terms  of  its  diamond-bearing  potential.  This  is 
consistent  with  the  known  diamond  production  of  the  mine  (A.  Jackson,  pers.  comm.). 
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Map  1:  Locality  map  of  selected  kimberlites  showing  the  position  of  Rex  Mine  (Stieniesrus) 
within  the  Theunissen  kimberlite  cluster.  The  inset  shows  the  location  of  the  main  map  area. 


Figure  1 :  GARNET 
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Figure  2:  CHROMITE 

(after  Gurney,  1989) 
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Figure  3:  ILMENITE 


Figure  4:  CLINOPYROXENE 

(after  Sobolev  et.  ai ,  1992) 


Figures  1  -  4:  Indicator  mineral  chemistry  plots  for  samples  4,  7  and  8.  Ilmenite  occurs  exclusively  in 
sample  7. 
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Constraints  on  the  history  and  origin  of  carbonado  from 
luminescence  studies 


Magee,  C.  W.,  and  Taylor,  W.  R. 

Research  School  of  Earth  Sciences,  Australian  National  University,  Canberra,  A.C.T.,  0200,  Australia 

In  order  to  examine  the  internal  structure  of  carbonado  diamond,  a  number  of  carbonado  samples 
from  alluvial  sources  in  Brazil  and  the  Central  African  Republic  (CAR)  were  laser-sectioned  and 
polished.  A  combination  of  optical  and  cathodoluminescence  (CL)  work  has  shown  that 
carbonados  do  not  all  have  the  same  microstructure.  Two  textures  are  observed.  The  first  is  an 
essentially  equigranular  aggregate  composed  of  10-20  micron  diameter  anhedral  diamond  grains 
often  with  intricately  sutured  margins  and  regions  showing  possible  preferred  orientation  of  grains. 
The  second  'microporphyritic'  texture  comprises  25-100  pm  diameter  zoned,  cubic  microdiamonds 
set  in  a  fine-grained  diamond  matrix  (Figure  1).  Some  of  these  microdiamonds  are  broken. 
Development  of  such  a  texture  requires  a  two-stage  process  indicating  that  these  carbonados  cannot 
have  formed  by  short  time  scale  processes  such  as  meteorite  impact.  It  is  not  yet  known  if  the  first 
textural  type  is  simply  a  strongly  deformed  sample  of  the  second,  or  if  there  is  a  genetic 
relationship  between  the  two  types  of  carbonado.  One  recently  polished  sample  from  the  CAR 
appears  to  exhibit  both  textures. 

A  cathodoluminescence  and  photoluminescence  (PL)  study  of  five  carbonados  from  the  CAR  and 
Brazil  has  revealed  several  illuminating  features.  CL  shows  that  the  pores  in  carbonado  are 
surrounded  by  non-luminescent  haloes,  which  contrast  sharply  with  the  other  brightly  luminescent 
areas  of  the  stones.  Raman  spectroscopy  and  PL  data  indicate  that  in  the  areas  surrounding  the 
pores,  the  diamond  lattice  has  been  intensely  damaged  by  radiation.  Radioactive  decay  products 
have  been  reported  in  bulk  carbonado  (Ozima  et.  al.  1991),  but  the  internal  spatial  distribution  of 
the  damage  has  not  previously  been  described.  Other  types  of  radiation  damage  include  the 
presence  of  dark  concentric  rings  caused  by  point  radiation  sources,  and  linear  zones  of  radiation 
damage  localized  on  fractures  along  which  radioactive  fluids  probably  flowed.  There  is  also 
evidence  of  intra-stone  heterogeneities  in  the  extent  to  which  radiation  damage  has  been  annealed. 
Such  features  suggest  that  the  diamond  was  formed  prior  to  irradiation,  which  makes  radiation 
induced  synthesis  unlikely.  Nevertheless,  the  presence  of  similar  radiation  damage  features  in  both 
textural  types  of  carbonado  strongly  suggests  that  they  have  been  subjected  to  similar  geological 
processes  since  the  carbonados  came  into  contact  with  radioactive  materials.  This  event  has  been 
estimated  by  previously  published  Pb  isotope  work  to  date  from  2. 8-3. 6  Ga  (Ozima  and  Tatsumoto 
1997).  Surprisingly,  the  minerals  currently  found  in  the  pores  of  carbonado,  which  include  a 
number  of  rare  earth  phosphates,  are  not  U  or  Th  rich.  SHRIMP  measurements  on  the  phosphate 
inclusions  show  that  they  have  recent,  common  Pb  isotopic  signatures  which  suggests  that  the 
previous  radioactive  pore  minerals  have  been  replaced  during  the  weathering  process.  U  or  Th 
bearing  minerals  may  have  been  the  original  pore  minerals,  but  it  is  likely  that  reduced  phases  such 
as  the  metals  and  carbide  observed  by  De  and  Heaney  (1996)  were  present,  and  that  those  were 
replaced  by  redox  reactions  with  U  bearing  surficial  waters. 
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Figure  1.  Microporphyritic  textured  carbonado.  The  dark  circle  is  a  -180  um  diameter  laser  ablation  hole. 
The  irregular  dark  shapes  on  the  left-hand  side  are  radiation  haloes  surrounding  pores. 
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Petrology  of  Group  2  Kimberlite-Olivine  lamproite  (K2L)  series  from  the 
Kostomuksha  area,  Karelia,  N.W.  Russia 

Mahotkin,  I.L. 

De  Beers  Centenary  (Russia),  Ul.  Tverskaya  22a,  Moscow,  103050,  Russia 

Ultrapotassic  ultramafic  rocks  from  the  Kostomuksha  area  were  first  described  as  lamproites  by 
Proskuryakov  (1989).  These  intrusions  (50  dykes  and  2  bodies  of  explosive  breccia)  are  situated  in 
the  centre  of  the  Archaean  Karelian  craton  along  the  meridian  fracture  zone.  The  dykes  occur  in 
three  clusters  with  each  of  them  being  12-18  sq.  km  in  extent.  Some  of  the  occurrences  are 
diamondiferous  (Zhuravlev  et  al.,  1995). 

In  this  study  7  rock  samples  from  5  dikes  occurring  in  0.5  km  line  within  the  southern  quarry  of 
the  Kostomuksha  iron-ore  deposit  were  investigated.  These  dykes  (0.5-4  m  in  width)  intrude  the  Late 
Archaean  Lopian  greenstone  crystalline  schists  and  ferruginous  quartzites.  The  age  of  the  dykes  is 
1231-1241  Ma  accordingly  to  Rb-Sr  and  Sm-Nd  mineral  isochron  data  (Nikitina  at  al.,  1995). 

All  the  rocks  investigated  (table  below)  are  ultramafic  (Si02=38-43  wt.  %),  ultrapotassic 
(K20/Na20=  18-32)  and  peralkaline  (P. 1=1. 09-1. 67).  Normative  acmite  (ac=1.4-2.2  wt  %)  and 
potassium  metasillicate  (ks=0.02-4.43  wt  %)  are  in  their  CIPW-norms. 


Samples 

1/95 

2/95 

3/95 

4/95 

5/95 

7/95 

8/95 

Wt.% 

Si02 

39,05 

38,2 

40,85 

38,60 

42,65 

39,50 

41,00 

Ti02 

2,25 

2,15 

2,45 

2,7 

2,48 

3,6 

3,65 

ai2o3 

4,66 

4,43 

4,3 

4,66 

5,18 

4,65 

6,25 

Fe2OB 

8,95 

8,45 

9,0 

9,45 

9,67 

9,50 

9,28 

MnO 

0,2 

0,2 

0,18 

0,15 

0,36 

0,14 

0,12 

MgO 

22,36 

23,14 

22,31 

21,96 

20,21 

17,25 

15,96 

CaO 

5,97 

6,49 

5,88 

6,05 

3,24 

7,64 

6,88 

Na20 

0,24 

0,17 

0,27 

0,27 

0,19 

0,26 

0,23 

I<20 

4,32 

5,08 

4,74 

5,06 

5,77 

6,77 

7,29 

P2O5 

0,96 

0,9 

0,96 

1,22 

1,07 

2,26 

1,94 

H20- 

2,45 

1,47 

1,57 

2,02 

2,57 

2,16 

2,1 

H20+ 

4,9 

4,71 

4,97 

5,02 

4,02 

3,04 

2,08 

C02 

3,19 

4,11 

1,98 

2,59 

2,09 

2,79 

2,46 

F 

0,21 

0,18 

0,21 

0,26 

0,28 

0,32 

0,34 

Total 

99,7 

99,68 

99,67 

100,01 

99,76 

99,88 

99,58 

#mg 

0,849 

0,860 

0,848 

0,839 

0,825 

0,803 

0,795 

K20/Na20 

18,0 

29,9 

17,6 

18,7 

30,4 

26,0 

31,7 

P.I. 

1,09 

1,30 

1,30 

1,27 

1,27 

1,67 

1,32 

ppm 

Ni 

1395 

1630 

1280 

1160 

1740 

570 

450 

Co 

100 

91 

94 

92 

107 

74 

70 

Cr 

1075 

1086 

1031 

1007 

918 

399 

376 

(La/Yb)N 

69,38 

112,94 

98,69 

93,05 

63,61 

103,89 

102,06 

Ni/Co 

13,95 

17,91 

13,62 

12,61 

16,26 

7,70 

6,43 

There  are  four  different  petrographic  varieties  of  the  Kostomuksha  rocks: 

(1)  Monticellite-phlogopite  kimberlites  (samples  2/95  &  4/95)  consisting  of  olivine  macrocrysts  and 
phenocrysts  (25-30  vol.%),  microphenocrysts  laths  of  phlogopite  (35-40  vol.%),  poikiliticaly 
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enclosing  monticellite,  apatite  and  spinel  and  groundmass  of  these  latter  three  minerals  plus  calcite 
and  saponite.  Monticellite  is  replaced  by  serpentine  and  hydrogarnet. 

(2)  Phlogopite-kimberlites  (samples  1/95  &  3/95)  consisting  of  olivine  macrocrysts  and  phenocryst 
(25-30  vol.%)  and  microphenocrysts  phlogopite  laths  (30-40  vol.%),  poikiliticaly  enclosing  apatite, 
some  tabular  crystals  (1-2  vol.%),  which  are  probably  melilite  replaced  by  calcite,  and  spinel  in  a 
groundmass  of  clinopyroxene  (3  vol.%)  partly  replaced  by  amphibole  (3-5  vol.%)  plus  primary' 
calcite  (5-7  vol.%),  secondary  serpentine  (5  vol.%)  and  clay-mineralised  phlogopite  (15  vol.%). 

(3)  Leucite-olivine  lamproites  (sample  5/95)  consisting  of  olivine  phenocrysts  (20-25  vol.%), 
pseudoleucite  (20-25  vol.%),  groundmass  phlogopite  (10-15  vol.%),  clinopyroxene  (1-3  vol.%), 
sanidine,  saponite  and  talc. 

(4)  Phlogopite  lamproites  (samples:  7/95  &  8/95)  consisting  of  olivine  phenocrysts  (5  vol.%), 
pseudoleucite  microphenocrysts  (0.5-2  vol.%),  groundmass  phlogopite  (55-65  vol.%),  clinopyroxene 
(2-5  vol.%),  sanidine  (1  vol.%),  amphibole  (1  vol.%),  potassic  saponite,  apatite,  rutile  and  other 
opaque  minerals.  Kalsilite  also  occurs  probably  as  reaction  product  after  leucite  breakdown. 

Compositions  of  the  micas  and  clinopyroxenes  from  both  kimberlites  and  lamproites  exhibit 
intermediate  trends  between  those  for  Group  2  kimberlites  and  lamproites.  The  micas  are 
aluminous-poor  phlogopite  (9-1  wt  %  AI2O3).  They  exhibit  an  extremely  wide  range  of  FeO  (7-17 
wt.%)  and  TiCb  (1-6,5  wt.%)  values.  The  clinopyroxenes  are  Al-deficient  and  Si-rich,  Ti-rich 
diopside  enriched  in  fassaite  component.  The  amphiboles  are  relatively  poor  TiC>2  (1.6-4  wt.%) 
richterite.  They  exhibit  a  wide  range  of  Na/K  ratios  which  are  similar  to  those  for  MARID 
amphiboles. 

The  CIPW-norms  of  the  Kostomuksha  kimberlites  and  lamproites  are  shown  in  the  phase 
diagrams  (fig.l),  depicting  forsterite,  kalsilite  and  quartz  as  end  members  (Yoder,  1986).  The 
monticellite-phlogopite  kimberlite  compositions  fit  into  the  Fo-Ph-Di-Ak  subsystem  of  Yoder’s 
normative  tetrahedron.  The  phlogopite  kimberlites  fit  into  the  Fo-Ph-Sa-Di  subsystem  whereas  all 
lamproites  fit  into  the  Lc-Ph-Sa  subsystem  of  this  tetrahedron.  The  positions  of  the  monticellite- 
phlogopite  and  phlogopite  kimberlite  compositions,  in  accordance  with  the  high  pressure  phase 
relationship  indicated  by  Foley  (1994),  are  close  to  the  peritectic  of  phlogopite  lherzolite  at  50-55 
Kbars  whereas  the  lamproite  compositions  are  closed  to  those  at  40  Kbars. 

The  Kostomuksha  kimberlites  and  lamproites  have  similar  REE  patterns  in  accordance  with 
kimberlites  and  olivine  lamproites  worldwide.  They  are  enriched  in  LREE  (Lan  =1000)  and  depleted 
in  TREE  (Ybw  =7-13).  Multi-element  patterns  for  the  Kostomuksha  rocks  are  different,  however, 
from  those  of  the  most  lamproites  (fig.  2).  These  patterns  are  similar  to  those  of  mica  kimberlites 
from  the  Archangelsk  region  and  Argyle  lamproites  (Mahotkin  et  al.,  1991).  Sr  and  Nd  isotope 
compositions  of  the  Kostomuksha  rocks  (8sr=  +30  and  SNd=  -9)  are  plotted  on  Sr-Nd  isotope  diagram 
in  between  Group  I  and  Group  II  kimberlite  fields  but  are  coincident  with  the  field  of  melilite- 
phlogopite  kimberlites  from  the  Archangelsk  region  and  Argyle  lamproites  (personal  data). 

In  conclusion  this  study  indicates  the  following: 

(l  )Late  Proterozoic  Group  2  kimberlites  and  olivine-phlogopite  lamproites  presumably  of  similar 
age  occur  together  in  the  Kostomuksha  area.  They  form  a  single  geochemical  rock  series  here 
referred  to  as  the  K2L  series. 

(2) The  Kostomuksha  kimberlite  and  lamproite  melts  originated  from  the  same  lithospheric  mantle 
source  as  a  result  of  phlogopite-garnet  lherzolite  melting  at  depths  of  50  Kbar  in  the  case  of  the 
kimberlites  and  40  Kbar  in  the  case  of  the  lamproites.  CO/H2O  ratio  in  fluids  during  the  melting 
process  was  constant  but  the  fluids  were  probable  a  little  enriched  in  water. 

(3) The  ancient  lithospheric  mantle  in  the  Kostomuksha  area  was  previously  enriched  in  REE  as 
indicated  by  the  Sr  and  Nd  systematics.  The  enrichment  style  was  similar  to  that  at  Argyle  and  at 
Archangelsk  with  respect  to  low  Ti  kimberlites. 
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m92  Si04  Mg2Si04 


Fig.  1  (a,b)  Kostomuksha:  •-Mo-Ph  kimberlites;  e-Ph  kimberlites;  e- Lc-OI  lamproites;  □- Phi  lamproites 

Archangelsk:  ■-  Mo-Ph  kimberlites  (pipes:  Pionerskaya,  Lomonosovskaya);  A-  Ks-Ph  kimberlites  (lamproites),  Karpinskiy-I  pipe 

(a) - line  and  periritectic  point  Ol+En+Ph+Lq  are  after  of  S. Foley  (1992) 

(b)  -phase  boundaries  are  shown  for  Ab+Ln+Fo  system  after  of  H.S.  Yoder  (1979) 


Kostomuksha  rocks  (Fig. 2) 
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Kimberlites  from  the  Archangelsk  region  -  A  rock  type  transitional 
between  kimberlites,  melnoites  and  lamproites. 

Mahotkin,  I.L.1,  Skinner,  E.M.W. 2 

! .  De  Beers  Centenary  (Russia),  Ul.  Tverskaya  22a,  Moscow,  103050,  Russia 
2.  Geology  Department,  Rhodes  University,  Grahamstown,  6140,  South  Africa 

Group  I  and  Group  II  kimberlites  differ  from  each  other  with  respect  to  mineral  assemblages, 
mineral  chemistries  and  whole-rock  isotope  and  major  element  geochemistry  (Smith,  C.B., 
1983,  Skinner,  E.M.W.,  1989  and  Mitchell,  R.H,  1995).  Highly-  and  poorly-diamondiferous 
kimberlites  from  the  Archangelsk  region,  Russia  exhibit  characteristics  that  are  different  from 
both  groups  of  kimberlites.  Furthermore  the  Archangelsk  kimberlites  are,  spatially  and 
petrologically,  closely  associated  with  melilititic  and  basaltic  rock  types  also  occurring  in  this 
region. 

Most  of  the  hypabyssal-facies  rocks  of  the  low-Ti,  Pionerskaya  pipe  as  well  as  high-Ti  pipes, 
including  Shocha  and  Anomaly-  441  are  phlogopite-(Ti-clinohumite-monticellite-?), 
macrocrystic  kimberlites  (fig.  1,  a).  As  such  they  are  petrographically  intermediate  between 
Group  I  and  II  types.  Hydrogarnet  (andradite-schorlomite  with  Ti02  up  to  20  wt.  %)  is  a 
common  accessory  mineral  in  the  hypabyssal-facies  rocks  of  the  Pionerskaya  pipe.  This 
hydrogamet  forms  during  late  magmatic  and  metasomatic  stages  of  crystallisation.  Some 
specimens  from  the  Pionerskaya  pipe  are  transitional  hypabyssal-/  diatreme-facies,  serpentine- 
diopside-phlogopite,  segregationary  kimberlites  (Clement  and  Skinner,  1985),  similar  in 
petrographic  character  to  some  of  the  kimberlites  of  the  Group  II,  Finsch  kimberlite  in  South 
Africa.  Most  of  the  diatreme-facies  kimberlites  of  the  Archangelsk  region  contain  relatively 
abundant  (up  to  10  vol.  %)  pseudomorphs  after  melilite  in  juvenile  lapilli  (fig.  1,  b).  Possible 
altered  Ti-clinohumite  (with  Cl  up  to  1  wt.  %)  may  also  be  recognised  in  the  groundmass  of 
some  phlogopite-enriched  varieties  from  Karpinskiy  and  Pionerskaya  pipes  (fig.  1).  Most  of 
the  high  Ti-series  rocks  from  the  Zvezdochka,  Anomaly-687  and  Anomaly-697  exhibit 
melnoitic  affinities  or  are  melnoites.  The  groundmass  of  the  Anomaly-697  melnoite  consists  of 
Ti-hydroandradite,  phlogopite,  perovskite,  altered  kirchsteinite  (Fe-monticellite),  merwinite 
and  probable  clinohumite.  A  fine-grained  mixture  of  Ti-magnetite,  MnO-rich  (up  to  23  wt.  %) 
ilmenite  and  rutile  occurs  in  the  groundmass  of  rocks  from  the  Shocha  sills.  These 
intergrowths  of  Ti-rich  minerals  and  serpentite  could  originate  as  a  result  of  the  breakdown  of 
Ti-clinohumite  in  the  late  magmatic  stages  of  crystallisation. 

The  groundmass  micas  in  monticellite-bearing  kimberlites  have  low  AI2O3  contents  (fig.  2) 
that  are  typical  of  Group  II  kimberlites  and  of  some  ultramafic  lamprophyres  and  alnoites 
(Mitchell,  1995).  Mica  microphenocrysts  in  melilite-  and  monticellite-bearing,  pelletal, 
tuffisitic  kimberlites  (re.  Clement  and  Skinner,  1985)  have  high  AI2O3  contents  similar  to 
those  of  Group  I  kimberlites  and  alnoites.  Compositional  trends  of  micas,  in  the  both  low-  and 
high-Ti  kimberlites  are  intermediate  in  character  compared  with  micas  in  Group  I  ,  Group  II 
kimberlites  and  ultramafic  lamprohyres  (alnoites)  (fig.  2). 

The  low-Ti  series  kimberlites  have  relatively  high  K2O  and  Si02  contents  and  their 
compositions  fit  into  the  Fo-Ph-  Di-Ak  subsystem  of  the  normative  tetrahedron  for  the  system 
Ks-La-Fo-Qz  (Yoder,  1986)  (fig.  1,  Mahotkin,  this  Volume).  The  high-Ti  series  rocks  have 
low  Si02  and  CaO  contents  and  ^  their  compositions  mostly  fit  into  the  Fo-Sa-Di-En 
subsystems. 
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Sr-Nd  isotope  compositions  for  all  low-Ti  kimberlites  and  some  high-Ti  kimberlites  are 
intermediate  between  those  of  Group  I  and  Group  II  kimberlites  (fig.  3)  indicating  a  separate 
mantle  source.  South  African  examples  of  isotopically  transitional  kimberlites  include  Frank 
Smith  (Smith,  1983),  and  several  kimberlites  in  the  region  to  the  south  of  Prieska,  South 
Africa  (Skinner  et  ah.  1994).  The  Frank  Smith  kimberlite  and  others  in  close  proximity  to  this 
pipe  are  petrographically  similar  to  the  Archangelsk  bodies  but  the  transitional  kimberlites  in 
the  Prieska  region  are  distinctly  different. 


Fig.  1  a.  Hypabyssal 
macrocrystic  phlogo- 
pite-clinohumite 
(monticellite  ?) 
kimberlite  from 
Pionerskaya  pipe, 
sample  1490/1048, 
magnification  90x, 

Cli  -Ti-clinohumite, 
Ph  -  phlogopite, 

01  -  olivine  (fresh). 
And  -  Ti-andradite 
Cal  -  calcite, 

Per  -  perovskite,  Ser- 


Fig.  1  b.  Pelletal- 
tuffisitic  melilite- 
phlogopite  kimberlite 
from  Karpinskiy-II 
pipe, 

sample  81/280, 
magnification  45x, 

Nik.  II, 

Mel'-  altered  melilite  in 
juvenile  lapillus  and 
autoliths. 

Segregationary  texture 
of  autoliths. 
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Automatic  crystal  orientation  mapping  of  Kimberlite  nodules  using 
electron  back  scattered  diffraction  in  the  scanning  electron  microscope 
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A  new  generation  of  PC-driven  scanning  electron  microscopes  (SEM)  allows  the  development 
of  dedicated,  low  cost  systems  for  automated  measurements  of  electron  diffraction  patterns  over 
specified  sample  areas.  The  technique  of  electron  back  scattered  diffraction  patterns  (EBSP)  has  been 
available  for  some  time  for  metallugical  specimens.  However,  minerals  (especially  rock-forming 
silicates)  differ  from  metals  because  they  interact  with'  the  electron  beam  and  in  their  microstructural 
characteristics: 

a)  Minerals  tend  to  have  a  low  yield  of  back  scattered  electrons  resulting  in  diffraction  patterns  of  low 
intensity  above  a  high  background  level. 

b)  Most  minerals  are  insulators  which  requires  a  thin  carbon  coating  to  reduce  electron  charge  build  up 
which  reduces  diffraction  pattern  intensity.  Some -specimens  still  charge  even  when  coated  because  the 
coating  is  ruptured  due  to  grain  bounday  cracks,  pores  or  cleavages.  Charging  results  in  a  non-flat 
background  for  a  given  beam  position. 

c)  Minerals  have  low  symmetry  and  their  diffraction  patterns  often  display  a  pseudo-symmetry  of 
higher  symmetry,  for  example  orthorhombic  olivine  has  diffraction  patterns  which  have  pseudo- 
hexagonal  symmetry. 

d)  Rocks  tend  to  be  poly-phase  with  a  wide  variation  in  grain  size  from  the  centimeter  to  micron  scale, 
whereas  metallugical  specimens  tend  to  be  monophase  of  fine  uniform  grain  size. 

We  have  developed  an  EBSP  system  to  meet  the  requirements  of  geological  specimens 
composed  of  the  following  elements  (see  Figure  below): 

a)  A  JEOL  PC-driven  JSM-5600  SEM. 

b)  A  phosphor  screen  to  convert  the  back  scattered  electron  pattern  into  photons  (light), 


535 


c)  A  Photonic  Science  "High  Grain"  Mono  CoolView  768  CCD  camera  with  a  high  sensitivity  to  the 
low  intensity  light  in  the  wavelength  emitted  by  the  screen.  The  camera  combines  high  sensitivity  with 
the  possibility  of  output  at  fast  video  rates. 

d)  A  Matrox  PULSAR  grabber  card  which  allows  the  digital  diffraction  image  aquistion  at  10  bits 
(1024  grey  levels)  at  video  rates. 

e)  A  system  of  individual  diffraction  pattern  background  correction. 

f)  A  software  of  EBSP  indexation  specifically  written  for  low  symmetry  minerals  (Channel+  from 
HKLsoftware). 

f)  A  system  of  automatic  acquisition  of  crystal  orientations  of  a  fine  (using  electron  beam  control)  or 
coarse  (using  specimen  stage  control)  sample  grids  under  PC  supervision  using  Channel+. 


Experimental  setup  of  the  EBSP  system  (from  HKL  software) 


The  stage  motorization 
allows  to  map  crystal 
orientations  step  by  step 
in  the  X  and  Y  direction. 


Kimberlite  nodules  represent  our  first  test  case  for  our  new  system.  The  wide  range  of  grain 
size,  microstructure  and  mineralogy  represents  a  major  challenge  for  this  technique.  The  first  results 
obtained  on  PHN1611  have  confirmed  previous  U-stage  measurements  of  crystal  preferred 
orientations  and  permitted  the  first  automatic  crystal  orientation  maps  to  be  constructed  for  olivine  and 
orthopyroxene.  This  sample  has  a  unusual  olivine  crystal  preferred  orientation  with  [010]  forming  a 
point  maximum  parallel  to  the  Y  specimen  direction.  In  fact,  the  sample  is  composed  of  only  two 
crystal  orientations  which  are  related  by  90  degree  rotation  about  [010]  or  a  180  degree  rotation  about 
an  axis  normal  to  [010]  in  similar  way  to  a  twin  relationship.  The  possible  origins  of  this  olivine 
crystal  preferred  orientation  will  be  dicussed  in  the  light  of  these  new  observations. 
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The  Cosmic  Cycles  of  Kimberlite  Volkanism:  New  Data 


Mal’kov,  B.A. 

Institute  of  Geology,  Komi  Science  Centre  of  the  Ural  division,  Russian  Acad  Sci.,  Syktyvkar,  167610,  Russia 

Earlier  has  been  shown  a  cosmic  periodicity  of  kimberlite  volcanism  (Mal’kov,  1994).  Its  synphase 
episodes  form  homological  rows  with  the  time  step  of  215  Ma.  There  are  16  such  rows  in 
Phanerozoic,  including  3  last  cosmic  cycles  of  tectogenesis  (CTC).  The  completeness  of  the 
homological  rows  is  different.  Also  there  are  vacancies  in  them.  On  the  sinusoid  expressing 
harmonic  character  of  oscillation  of  the  Earth-Moon  system  the  homological  rows  are  distributed 
simmetrically.  At  "humps"  of  the  sinusoid  they  form  concentrations.  Major  epochs  of  the  kimberlite 
volcanism,  including,  as  a  rule,  episodes  of  2-3  homological  rows  closed  in  time  are  drown  towards 
the  "humps"  of  the  sinusoid. 

The  Paleozoic  kimberlites  of  the  Russian,  Siberian  and  Australian  platforms  of  400-340  Ma  age 
belong  to  homological  rows  10-14  that  are  situated  symmetrically  in  the  apical  part  of  the 
"hump"  of  the  sinusoid  around  375  Ma  maximum  located  in  row  1  2 .  The  Jurassic  kimberlites  of 
the  Siberian,  Canadian,  African  and  Australian  platforms  of  189-135  Ma  age  belong  to  more  young 
volcanic  episodes  of  the  same  five  homological  rows  1  0-14,  but  they  are  symmetric  to  the  160 
Ma  maximum  located  in  row  1  2.  The  Late  Cretaceous  and  Paleogene  kimberlites  of  the  African, 
Brazilian,  Canadian  and  North-Chinese  platforms  and  Australian  Miocene  lamproites  of  the  95-20 
Ma  age  belong  to  6  homological  rows  2-7  situated  symmetrically  in  apical  part  of  "hump"  of  the 
sinusoid  around  52  Ma  maximum  located  in  row  4  . 

The  homological  rows  8  and  1 6  correspond  the  neutral  position  of  the  Earth-Moon  system  at  the 
Moon  altitude  equal  60  Earth  radiuses.  Critical  moments  of  row  8  are  mostly  vacant  (107,  322 
and  537  Ma),  exept  of  the  latter.  The  Venetia  kimberlites  of  530-540  Ma  age  in  the  Limpopo  mobile 
belt  and  the  Chuanxian  lamproites  of  the  same  age  in  Yangtze  craton  correspond  to  it.  The  episodes 
of  volcanism  corresponding  to  the  critical  moments  of  row  1  6  (213,  428,  643  Ma)  are  not  found, 
exept  of  the  former.  The  Pozdnyaya  pipe  in  the  Middle  Olenek  district  being  of  217  Ma  age  could 
be  assign  to  the  row. 

The  homological  rows  of  episodes  of  kimberlite  volcanism  display  a  stability  during  8  last  CTC  up 
to  the  limit  of  1720  Ma.  The  amount  of  the  vacancies  in  these  rows  and  cycles  (CTC) 
retrospectively  grows.  In  the  Late  Proterozoic  many  homological  rows  "disapeared",  because  of 
imperfection  of  geological  records.  At  present,  precisely  dated  episodes  of  kimberlite  volcanism  are 
established  only  for  7  from  the  16  known  homological  rows.  They  are  rows  1,  2,  4,  7,  8,  14,  15. 

The  Late  Triassic  kimberlites  of  the  Katyryk  dike  (224±2  Ma,  row  1  )  on  the  Middle  Kuonapka 
belonging  to  the  CTC  2  have  their  predecessors  in  CTC  3,  6 :  the  "325  years  of  Yakutia"  pipe 
kimberlites  (440.2  Ma;  CTC  3)  in  the  Upper  Muna  field  of  Yakutia  and  the  Wajrakarur 
kimberlites  (1091  ±20  Ma;  CTC  6)  i  n  Central  India  (Table  1). 

The  Australian  Miocene  lamproites  (20  Ma;  row  2  )  have  their  predecessors  in  CTC  2,  3,5:  the 
Jwaneng  pipe  kimberlites  in  southern  Botswana  (235±2  Ma;  CTC  2  ),  the  Arctic  pipe  kimberlites 
in  the  Middle  Kuonapka  (235±4  Ma;  CTC  2),  the  Amakinskaya  pipe  kimberlites  in  the  Malo- 
Botuobinski  district  (449.8  Ma;  CTC  3 )  and  the  Quebec  kimberlites  (1 100  Ma;  CTC  5) . 
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The  Paleogene  kimberlites  (52  Ma;  row  4)  known  in  the  Slave  craton  (Canada),  Tanzania, 
Namaqualand  and  China  have  their  Proterozoic  predecessors  in  CTC  4  ,  6,  7.  Those  are  the 
Tiding  kimberlites  in  the  North  China  platform  (701  Ma;  CTC  4  ),  the  Argyle  lamproites  (1130 
Ma;  CTC  6)  in  Australia  and  the  South  India  kimberlites  (1350  Ma;  CTC  7)  (T  able  2). 

The  Late  Cretaceous  kimberlites  of  the  Kimberley  (95.4  Ma;  row  7  )  have  their  predecessors  in 
CTC  6,  7,  8:  the  Premier  pipe  kimberlites  (1180  Ma;  CTC  6  ),  the  Cote  d’Ivoire  kimberlites 
(1385  Ma;  CTC  7);  the  Kuruman  kimberlites  (1600  Ma;  CTC  8)  in  RSA  (Table  3). 

The  Early  Jurassic  kimberlites  of  the  Mwadui  pipe  (189  Ma;  row  1  4)  in  Tanzania  have  their 
predecessors  in  CTC  2,  6:  the  Tayegznaya  pipe  kimberlites  (403  Ma;  CTC  2)  in  Yakutia  and 
the  Umbinskaya  pipe  kimberlites  (400  Ma;  CTC  2  )  in  the  Timan  Ridge  and  kimberlites  of  Pre- 
Sayany  (1268  Ma;  CTC  6).  The  Early  Jurassic  kimberlites  of  the  Dokolwayo  pipe  in  Swaziland 
(200  Ma;  row  15)  have  their  predecessor  in  CTC  2  ,  5:  the  Drugzba  pipe  (41 1.5  Ma;  CTC  5) 
in  Yakutia  and  the  Mejhgawan  pipe  (1067±3 1  Ma;  CTC  5  )  in  North  India  (Table  4). 

Synphase  and  global  character  of  the  kimberlite  volcanism  episodes  during  all  or  many  cycles  of 
tectogenesis  convince  us  in  its  cosmic  causes.  All  episodes  of  the  kimberlite  volcanism  are 
predetermined.  Hence  we  can  predict  the  absolute  age  and  CTC  phase  of  the  vacancies  in  the 
incomplete  homological  rows. 
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Table  1 .  The  homological  row  (  1 )  of  kimberlites  (203 :2 1 5) 


Absolute  age 
Ma 

Synphase  kimberlites 

Phase  of  CTC 
t:  215 

CTC 

(10) 

Vacancy 

203:215 

1 

224±2X 

Katyryk  dike,  Yakutia 

204:215 

2 

440,2“ 

"325  years  of  Yakutia"  pipe,  Yakutia 

203:215 

3 

(655) 

Vacancy 

203:215 

4 

(870) 

Vacancy 

203:  215 

5 

1091±20* 

T  ,  X  1.11  .  1 

Wajrakarur  pipe,  Andhra  Pradesh,  India 

TT  ni  1  i   /T  r'  i  nr\^\.  XX  i  .i 

199:215 

6 

Note:  x-  dated  by  the  U-Pb  method  on  perovskite  (Kinny  et  al.,  1997);  xx-  dated  by  the  U-Pb  method  on  zircon 


(Davis  et  al.,  1980);  *  dated  by  Rb-Sr  method  (Chatterjee  et  al.,  1995). 


Table  2.  The  homological  row  (  4)  of  kimberlites  and  lamproites  (160:215) 


Absolute  age 
Ma 

Synphase  kimberlites  and  lamproites 

Phase  of  CTC 
t:  215 

CTC 

52x 

Kimberlites  in  the  Slave  Craton,  Canada 

Kimberlites  of  the  Nzega  field,  Tanzania 

Kimberlites  of  the  Brackfontein,  RSA 

160:215 

1 

701xx 

Tieling  kimberlites  in  the  Ji-Lu-Liao  nucleus,  North  China 

159:215 

4 

1130 

Argyle  lamproites  in  the  Kimberley  Craton 

160:215 

6 

1350 

Kimberlites  of  South  India 

155:215 

7 

Note: x-  dated  by  Rb-Sr  isotopic  method  (Pell,  1997); xx-  after  Lu  et  al.,  1995. 


Table  3.  The  homological  row  (  7)  of  kimberlites  (120:215) 


Absolute  age 
Ma 

Synphase  kimberlites 

Phase  of  CTC 
t:  215 

CTC 

95.4 

Kimberley  pipe,  RSA 

120:215 

1 

530-540x 

Venetia  cluster  of  kimberlite  pipes,  RSA 

109:215 

3 

1 180±30xx 

Premier  pipe,  RSA 

110:215 

6 

1385 

Kimberlites  of  Cote  d’Ivoire 

120:215 

7 

1600 

Kuruman  cluster  of  kimberlite  pipes,  RSA 

120:215 

8 

Note: x-  after  Kopylova  et  al.,  1995; xx-  after  Gurney  and  Gurney,  1995;  all  other  dates  after  Mal’kov,  1994. 


Table  4.  The  homological  row  (  15)  of  kimberlites  (13:215) 


Absolute  age 
Ma 

Synphase  kimberlites 

Phase  of  CTC 
t:  215 

CTC 

200 

Dokolwayo  pipe,  Swaziland 

13:215 

1 

411.5 

Drugzba  pipe,  Yakutia 

18:215 

2 

(630) 

Vacancy 

13:215 

3 

(845) 

Vacancy 

13: 215 

4 

1067±31x 

Mejhgawan  pipe,  Madhya  Pradesh,  India 

8:215 

5 

1268±12 

Kimberlites  of  Pre-Sayany  area,  Russia 

22:215 

6 

(1490) 

Vacancy 

13:215 

7 

Note: x-  after  Chatterjee  et  al.,  1995;  all  other  dates  after  Mal’kov  (1994,  1997) 


539 


Diamond  Occurrences  in  Kimberlites  and  Lamproites  from  Phanerozoic  Mobile 
Belts  on  Example  of  the  Timans,  Urals  and  Ouachita 


MaTkov,  B.A.,  Malyshev,  N.A. 

Institute  of  Geology,  Komi  Science  Centre,  Ural  Division  of  RAS,  Syktyvkar,  167610,  Russia 

According  to  Clifford  rule,  diamond-bearing  kimberlites  are  encountered  only  within  cratons, 
although  areas  of  kimberlite  volcanism  can  extend  to  adjacent  mobile  belts  as  well.  Diamond¬ 
bearing  kimberlites  and  lamproites  suggest  presence  of  lithospheric  roots  under  the  cratons,  going  to 
the  depth  of  over  150  km.  They  provide  disintegrated  diamond-bearing  matter  in  the  form  of 
mantle-derived  xenoliths  and  individual  xenocrysts,  for  kimberlite  and  lamproite  magmas.  Loss  of 
the  diamond-bearing  roots  by  the  cratons  as  a  result  of  their  degradation  or  tectonic  erosion,  account 
for  kimberlites  and  lamproites  containing  no  diamonds  (Mal’kov,  1997). 

Diamond-bearing  diatremes  in  Phanerozoic  mobile  belts  are  found  only  as  exceptions  and  deserve  a 
special  study  and  explanation.  To  these  belong  diatremes  from  the  Ouachita,  Timans  and  Urals. 
Diamond-bearing  lamproites  from  Prairie-Creek,  Arkansas,  with  the  absolute  age  of  106  Ma,  cut 
through  the  Paleozoic  rocks  of  the  Ouachita,  which  thrusted  onto  the  southern  part  of  North 
American  craton  during  Aileghanian  orogeny  and  partially  overlay  the  Fore-Ouachita  sedimentary 
basin  of  Arkoma.  Besides,  the  lamproites  intrude  a  nearly  horizontal  lying  Lower  Cretaceous 
sedimentary  elastics,  nonconformable  with  the  dislocated  Early-  and  Mid-Paleozoic  sedimentary, 
metamorphic  and  igneous  rocks  of  the  Ouachita  orogen  and  Proterozoic  (1.3  to  1.85  Ga) 
metamorphic  rocks  (Viele  and  Thomas,  1989;  Nicholas  and  Waddell,  1989). 

The  lamproites  are  located  within  the  Ouachita  orogen,  100  km  south  of  the  North  American 
carton’s  border.  Since  the  lamproite  diamonds  are  of  Archean  age  (3.1  Ga)  (Melton  and  Giardini, 
1980),  it  is  clear  that  the  lamproite  area  of  Prairie-Creek  is  also  underlain  by  suberaton  diamond¬ 
bearing  lithospheric  mantle,  although  it  underwent  a  strong  metasomatic  alteration  1200  min  years 
ago  (Lambert  et  al.,  1995).  Diamond-bearing  lamproites  in  Prairie-Creek  in  the  Ouachita  mobile 
belt  is  such  an  exception  of  Clifford  rule  which  actually  confirms  it. 

Mid-Timanian  diatremes  from  olivine  melilitites  of  the  Early  Devonian  age  (400  Ma)  contain  no 
diamonds.  However,  found  in  the  immediate  vicinity  is  a  Late  Eifelian  diamond-bearing  placer  of 
the  Ichetyu  river,  which  suggests  existence  of  unknown  diamond-bearing  diatremes  of  the  same 
Early  Devonian  age  (Mal’kov  and  Holopova,  1995).  Volsko-Vym  ridge  made  by  Riphean 
terrigenous  deposits  dislocated  during  the  Cadomian  orogeny,  is  situated  10-30  km  to  the  east  of 
than  the  regional  zone  of  Late  Riphean  bioherm  (stromatolithic)  dolomites  which  at  once  marked 
the  border  of  the  Late  Precambrian  shelf  of  the  East  European  Platform.  The  platform  character  of 
Late  Riphean  and  Vendian  magmatism  in  the  Mid-Timans,  from  Chetlasky  Kamen  in  the  west  to 
Volsko-Vym  ridge  in  the  east,  indicates  the  presence  of  a  deep  Karelian  crystalline  basement 
slightly  affected  by  Cadomian  orogeny.  Zirkon  ages  suggest  that  the  Early  Cambrian  granite 
magmatism  manifested  itself  555-560  min  years  ago  only  in  the  eastern,  presently  buried  zone  of 
the  Timans.  In  the  Mid-Timans,  the  platform  character  of  magmatism  is  also  preserved  in  Paleozoic. 
Early  Devonian  (400  Ma)  witnessed  formation  of  olivine  melilitites  diatremes  with  abundant  rock 
and  mineral  inclusions  derived  from  the  Early  Proterozoic  suberaton  lithospheric  mantle.  Karelian 
lithospheric  roots  under  the  Timans  ridge  as  well  as  diamond-bearing  placers  found  close  to  the 
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known  diatremes  of  the  Umba  field  are  a  good  base  to  predict  diamond  deposits  of  kimberlite  and 
lamproite  type  in  the  Mid-Timans. 

Tectonic  movements  in  passing  from  Middle  to  Late  Devonian  gave  rise  to  a  system  of  troughs 
extending  along  strike,  filled  with  products  of  Pashiyskian  basalt  volcanism  and  Frasnian  sediments, 
which  overlay  and  sealed  both  diamond-bearing  and  diamond-free  diatremes,  as  in  the  case  of  the 
Umbinskaya  pipe.  A  system  of  oblique  and  along  strike  reverse  faults  and  overthrusts  was  formed 
during  Early  Kimmerian  compression,  which  accounts  for  the  modem  structure  of  the  Timans.  In 
the  uplifted  blocks,  the  diatremes  and  Eifelian  diamond-bearing  placers  turned  out  to  be  partially  or 
fully  eroded,  their  diamond-bearing  material  redeposited. 

In  Poludov  uplift  in  the  Urals,  Takatinskaya  diamond-bearing  terrigenous  deposits  of  the  regressive 
stage  of  the  Emsian  act  as  the  chief  intermediate  diamond  traps,  being  the  source  for  modem  and 
quaternary  alluvial  as  well  as  proximal  placers.  Concentrated  here  are  Bolsheshugor,  Severokolchim 
and  Bolshekolchim  diamond  placers  and  deposits  of  Rassolninskaya  and  Ilyavozhskaya 
depressions.  Prior  to  Permian,  platform  sediments  had  accumulated  in  the  zone  of  Poludov  uplift 
and  they  were  subsequently  buried  under  molasses  accumulated  in  a  foredeep.  In  the  west,  the  uplift 
is  bordered  by  an  arched  (in  plan)  thrust  zone,  known  as  Krasnovishersk-Nyrob  thrust.  Found  in  its 
front  parts  are  Poludov  and  Kolchim  structures,  the  largest  in  Poludov  uplift,  with  Riphean 
sediments  exposed  in  their  cores.  In  the  east,  the  uplift  is  overlain  by  a  branch  of  the  Main  West 
Uralian  Thrust. 

The  Late  Paleozoic  fold  and  thrust  zone  in  the  Urals  as  well  as  the  Early  Cambrian  one  in  the 
Timans,  were  rejuvenated  by  old  Kimmerian  dislocations,  then  they  were  levelled  down  by  intense 
erosion.  A  new  uplift  of  the  Urals  began  only  in  Late  Oligocene  and  has  been  going  on  up  till  now 
(Puchkov,  1997).  The  dislocated  Takatin  deposits  were  washed  out  and  served  as  sources  for 
quaternary  and  modem  alluvium  as  well  as  proximal  placers.  The  source  areas  for  Takatin 
paleoplacers  are  not  known,  however,  they  must  have  been  of  the  Early  Devonian  age  and  located  to 
the  west  and  north-west  from  the  area  of  the  reported  placers,  i.e.  on  the  Russian  Plate  and  the 
Timans. 

The  top  of  the  lithospheric  mantle  is  somewhat  lifted  under  Poludov  uplift  and  lies  about  40  km 
deep.  Krasnovishersk  thrust,  bordering  the  uplift  in  south-west  is  observed  by  DSS  not  only  in  the 
sedimentary  cover  but  also  in  the  granulite-basite  layer  of  the  Earth’s  cmst  to  25  km  deep,  at  which 
level  it  stretches  against  the  zone  of  deep  faults  of  western  dip  observed  from  Conrad  surface  to  the 
mantle.  Krasnovishersk-Nyrob  thrust  with  the  amplitude  of  about  10-20  km  overlay  the  likely  zone 
of  pre-Takatinskaya  diamond-bearing  kimberlite  diatreme  occurrence,  thus  creating  a  severe 
problem  for  its  prospecting.  Lately,  it  has  been  reported  that  the  rich  diamond-bearing  depressions 
within  the  area  of  Poludov  uplift  (Rassolninskaya,  Iljavozhskaya,  etc.)  are  not  filled  with  normal 
quaternary  sediments,  instead  they  are  filled  with  hypergenically  altered  volcano-clastic  diamond¬ 
bearing  rocks  of  lamproite  or  other  nature  called  “rybalites”  by  local  geologists. 

The  “rybalites”  discoverer  and  his  colleagues  (Rybalehenko  A.  and  Rybalchenko  T.,  1997; 
Chaikovsky,  1997)  report  the  following:  (1)  Parents  diamond-bearing  bodies  of  the  diatreme,  sill, 
dike,  vein  and  stockwork  types  are  composed  of  argillized  tuffisites,  xenotuffisites  and  tuff  breccias 
of  alkaline-ultrabasic  (?)  composition.  (2)  Diamond-bearing  bodies  are  found  in  the  allochthone  of 
Krasnovishersk-Nyrob  thrust  along  the  Paleozoic  necklace-shaped  border  of  Kolchim  and  Tulym- 
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Parma  anticlines,  complicated  by  a  series  of  echelon-like  bodies.  (3)  Formation  of  diamond-bearing 
volcanites  and  their  bodies  was  preceded  by  thrusting.  (4)  Eruptions  were  presumably  of 
phreatomagmatic  character.  (5)  Presence  of  accessory  pyropes  and  chromites  of  diamond 
association  was  observed  in  hypergenically  altered  volcano-clastic  diamond-bearing  rocks  from 
Rassolninskaya  deposit,  on  the  other  hand,  melt  spherules  of  silicate,  oxide,  sulphide  and 
intermetallic  composition,  previously  reported  from  a  number  of  kimberlite  diatremes  in  Yakutia, 
were  found. 

Evidence  on  the  matter  of  the  strongly  altered  “rybalites”  is  not  sufficient  for  their  accurate 
petrographic  attribution.  However,  the  major  advance  is  the  find  of  truly  diamond-bearing 
volcanites  in  an  unusual  geological  setting  and  their  location  in  the  Hercynian  mobile  belt  of  the 
Urals  within  marginal  Krasnovishersk-Nyrob  overthrust.  It  is  underlain  by  Archean  crystalline 
basement  of  the  East-European  Platform,  as  indicated  by  geophysical  methods,  with  subcraton 
lithospheric  mantle  observed  underneath  the  basement,  with  deep  (over  150  km)  diamond-bearing 
lithospheric  roots  from  which  xenogenic  diamond-bearing  material  is  brought  up  by  “rybalite” 
magmas  to  the  post-Hercynian  phase  of  kimberlite  (?)  volcanism. 

The  area  of  Poludov  ridge  is  distinguished  by  two  distinct  epochs  of  productive  volcanism  in 
Phanerozoic:  the  one  preceding  folding  (pre-Takatin)  and  following  it  (post-Permian).  Takatin 
diamond-bearing  placers  of  Emsian  as  well  as  Upper  Eifelian  littoral  placers  in  the  Mid-Timans  are 
linked  to  Early  Devonian  diamond-bearing  kimberlites  synchronous  with  Timanian  diatremes  of  the 
Umba  field.  The  tectonic  situation  of  post-Permian  diamond-bearing  “rybalites”  occurrence  is 
similar  to  the  tectonic  setting  of  Arkansas  diamond-bearing  lamproites  in  the  Ouachita  mobile  belt. 
Both  are  located  in  marginal  fold-and-thrust  zones  overlying  adjacent  cratons  with  preserved 
diamond-bearing  lithospheric  roots. 
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A  P-T-composition  cross-section  of  spinel  and  garnet  facies  lithospheric  mantle 
in  the  Minusa  region  SW  of  the  Siberian  craton. 

Malkovets,  V.G.  Ionov,  D.A  Griffin,  W.L.  O’Reilly,  S.Y.  Pokhilenko,  N.P.  \ 
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Garnet-spinel  and  spinel  peridotite  and  pyroxenite  xenoliths  from  three  upper  Cretaceous 
basanitic  pipes  in  the  Minusa  region,  southern  Siberia  (Malkovets  et  al.,  1997)  provide  sampling  of 
the  upper  mantle  in  a  mobile  belt  near  the  southwestern  boundary  of  the  Siberian  craton.  A  P-T- 
composition  lithospheric  cross-section  has  been  constructed  based  on  a  detailed  electron  microprobe 
study  of  representative  xenoliths  and  laser  ablation  ICP-MS  analyses  of  their  clinopyroxenes  and 
garnets. 

Both  garnet-spinel  and  spinel  Iherzolite  xenoliths  have  been  found  in  the  Tergesh  pipe.  The 
lherzolites  commonly  have  moderate  to  high  clinopyroxene  (cpx)  contents  and  protogranular  texture. 
The  garnet  contents  in  the  garnet-spinel  lherzolites  are  low  and  garnet  grains  typically  have  fine¬ 
grained  reaction  rims  of  orthopyroxene  and  spinel  (±cpx).  T-P  estimates  using  a  combination  of  the 
Ca-in-opx  thermometer  of  Brey  and  Kohler  (1990)  and  Nickel  and  Green  (1985)  barometer  define  an 
elevated  geothermal  gradient  with  fairly  low  P  estimates  of  16-18  kbar  for  the  garnet-spinel 
lherzolites.  These  P  estimates  are  lower  than  for  garnet  and  garnet-spinel  peridotites  in  other  basalt- 
hosted  xenolith  suites  from  southern  Siberia  ( Ionov  et  al.,  1993)  and  are  similar  to  those  in  the  SE 
Australian  geotherm  (O’Reilly  and  Griffin,  1985). 

Garnet-spinel  and  spinel  lherzolites  from  Tergesh  yield  a  fairly  narrow  T  range  of  1030- 
1070°C.  Clinopyroxenes  in  the  majority  of  Tergesh  lherzolites  have  HREE,  Sr  and  Y  content  typical 
of  fertile  mantle  peridotites,  with  high  levels  of  HREE  and  slight  to  mederate  depletions  in  LREE, 
Th,  U  and  Nb  (Fig.  la).  The  La/Ybn  and  La/Sm,,  ratios  range  from  an  almost  primitive  0.9  to  slightly 
depleted  0. 6-0.4. 

Only  spinel  lherzolites  have  been  collected  from  two  other  pipes,  Krasnoozersk  and 
Kongarovsk.  Most  of  them  have  protogranular  textures  whereas  some  are  foliated.  The  temperature 
range  for  peridotites  from  these  two  pipes  (910-1050°C)  is  wider  than  that  for  the  Tergesh 
lherzolites,  with  the  majority  of  samples  yielding  lower  T  values  below  1010°.  Most  xenoliths  have 
HREE  and  Y  contents  in  cpx  close  to  those  for  the  Tergesh  xenoliths,  but  in  all  the  samples  the  cpx 
are  enriched  in  LREE,  Th,  U  and  Sr  and  show  negative  Nb-Ti-Zr-Hf  anomalies  (Fig  2b  and  2c) 
relative  to  adjacent  REE.  La/Ybn  and  La/Sir^  ratios  range  from  2  to  10  and  from  0.5  to  7 
respectively.  Pyroxene  grains  in  protogranular  xenoliths  show  consistent  zoning  patterns  with  Ca  and 
Al  in  orthopyroxene  increasing  towards  the  rims  and  01  rims  strongly  enriched  in  Ca  (up  to  0.2%). 

Besides  the  mineral  zoning,  primary  parageneses  of  garnet-spinel  lherzolites  from  the  Tergesh 
pipe  have  been  affected  by  replacement  of  garnet  by  spinel  and  orthopyroxene  coronas  due  to  the 
reaction:  Pyr  +  Fo  <^>  2En  +  Sp.  Such  thermal  perturbation  appears  to  have  affected  the  xenoliths 
before  their  entrainment  in  host  magma.  This  suggests  an  isobaric  heating  process  in  the  lithospheric 
mantle  in  which  garnet  and  garnet-spinel  lherzolites  re-equilibrated  to  an  elevated  geothermal 
gradient.  Such  an  anomalously  high  geothermal  gradient  is  thermally  unstable  and  may  have 
developed  due  to  magma  underplating  shortly  before  the  eruption  of  the  host  basanites  because 
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Fig.  1.  T-P-estimates  for  Tergesh  pipe 
garnet-spinel  lherzolites. 

open  circles  -  Tergesh  pipe  gar-spl  lherzolites, 
solid  circles  -  Tergesh  pipe  gar-spl  pyroxenites, 
solid  triangles  -  Krasnoozersk  pipe  gar-spl 
pyroxenites, 

solid  squares  -  Vitim  gar  and  gar-spl  lherzolites 
(Ionov  et  al.,  1993). 


Fig.  2.  Normalized  (after  Hofmann,  1988) 
abundance  pattern  diagrams  for  clino- 
pyroxene  and  garnet  from  garnet-spinel 
and  spinel  lherzolites. 

(a)  Tergesh  pipe. 

circles  -  garnet-spinel  lherzolites, 
squares  -  spinel  lherzolites. 

(b)  Krasnoozersk  pipe. 

Spinel  lherzolites. 

(c)  Kongarovsk  pipe. 

Spinel  lherzolites. 


La  Pr  Sm  Gd  Dy  Er  Yb  La  Pr  Sm  Gd  Dy  Er  Yb  La  Pr  Sm  Gd  Dy  Er  Yb 

Ce  Nd  Eu  Tb  Ho  Tm  Lu  Ce  Nd  Eu  Tb  Ho  Tm  Lu  Ce  Nd  Eu  Tb  Ho  Tm  Lu 


ThNbCe  Pr  Sr  Hf  Ti  GdDy  Y  YbSc  ThNbCe  Pr  Sr  Hf  Ti  GdDy  Y  YbSc  ThNbCe  Pr  Sr  Hf  Ti  GdDy  Y  YbSc 
U  LaPbNdSmZr  EuTbHoEr  Lu  U  La  Pb  NdSm  Zr  Eu  Tb  Ho  Er  Lu  U  La  PbNdSm  Zr  Eu  TbHo  Er  Lu 
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retrograde  mineral  zoning  patterns  of  major  elements  with  high  diffusion  rates  (e.g.  Ca  in  olivine  and 
orthopyroxene)  would  have  otherwise  developed  during  subsequent  cooling. 

Our  data  suggest  that  the  upper  mantle  in  the  Minusa  region  has,  at  first  approximation,  a 
distinct  two-level  structure. 

(a)  The  deeper  garnet-spinel  and  spinel  Iherzolites  carried  to  the  surface  in  the  Tergesh  pipe 
appear  to  have  nearly  fertile  modal  compositions  and  slightly  depleted  trace  element  patterns.  Their 
modal  compositions  and  mineral  chemistry  are  very  different  from  those  in  garnet-bearing  xenoliths 
from  the  Yakutian  kimberlites  (Boyd  et  al.,  1996).  Clinopyroxenes  from  the  garnet-spinel  Iherzolites 
have  HREE  contents  similar  to  those  of  clinopyroxenes  from  spinel  Iherzolites  (Fig. 2a).  This  is 
consistent  with  low  modal  content  of  garnet  in  the  Iherzolites  reflecting  their  position  in  the  mantle 
column  near  the  uppermost  level  of  garnet-spinel  lherzolite  transition  zone  (16-18  kbar  and  1030- 
1070°C,  Fig.  1). 

(b)  The  shallow  level  spinel  Iherzolites  of  Krasnoozersk  and  Kongarovsk  pipes  are  generally 
less  fertile  and  provide  a  wider  range  of  cpx  contents  compared  to  Tergesh  Iherzolites.  Their 
clinopyroxenes  typically  show  trace  elements  patterns  with  strong  LREE  and  Th,  U,  Sr  enrichments 
and  negative  Nb-Ti-Zr-Hf  anomalies  indicative  of  a  complex  history  probably  involving  depletion 
events  and  a  number  of  metasomatic  episodes  by  different  metasomatic  media. 
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Crystallization  of  Eclogite  and  Pyroxenite  Magmas  in  the  Diamond  Depth 
Facies:  Evidence  from  Garnet-Clinopyroxene  Association 

Marakushev,  A.A.,  and  Bobrov,  A.V. 

Geological  Faculty,  Moscow  State  University,  Vorob’yovy  Gory,  Moscow  1 19899,  Russia 

Comparison  of  clinopyroxenes  from  the  inclusions  in  diamonds  of  pyroxenite  (I)  and  eclogite  (II) 
types  and  deep-seated  rocks  (garnet  pyroxenite,  eclogite)  from  kimberlites,  including  their  diamond¬ 
bearing  varieties,  shows  the  specific  features  of  the  inclusions  in  diamonds.  The  known  analyses  of 
clinopyroxenes  included  in  diamond  crystals  are  compared  with  our  actual  material  on  xenoliths  of 
diamond-bearing  garnet  clinopyroxenites  (I)  and  eclogites  (II)  of  the  Udachnaya  pipe.  The  first  ones 
are  usually  enriched  in  iron  relatively  to  clinopyroxenes  from  eclogite  and  pyroxenite  xenoliths 
(Figure  1).  This  difference  is  explained  by  a  complex  evolution  of  diamondiferous  magma  and  a 
polyfacial  character  of  diamond-bearing  rocks  (Marakushev  et  al.,  1994).  The  first  stage  of  magma 
crystallization  occurred  within  the  field  of  diamond  stability  at  a  pressure  of  40-60  kbar,  where 
diamond,  K-rich  clinopyroxene,  and  Na-rich  garnet  were  formed.  Final  consolidation  of 
diamondiferous  melts  took  place  far  beyond  the  area  of  diamond  crystallization,  after  the  intrusion 
of  magma  onto  the  higher  levels  of  mantle  and  the  Earth  crust. 

The  stage  of  deep  crystallization  is  clearly  reflected  in  large  porphyric  garnet  crystals  which  are 
abundant  in  eclogite  and  pyroxenite  xenoliths  from  kimberlitic  pipes.  Crystallization  of  garnet, 
which  concentrates  iron,  causes  the  depletion  of  magma  with  this  element  and  relative  enrichment 
of  garnet  and  clinopyroxene  with  magnesium.  This  is  proved  by  zonation  of  garnet  porphyric 
crystals  in  eclogite  (Figure  2,  Table  1). 


Table  1:  Composition  Profile  Across  the  Zoned  Garnet  Crystal  (a  Diameter  of  3  mm)  of  U31 
Eclogite  from  the  Udachnaya  Pipe_ i 


Si02 

Ti02 

ai2o3 

Cr2C>3 

FeO 

MnO 

MgO 

CaO 

Na20 

Total 

Fe# 

ICore 

40.95 

0.34 

22.54 

- 

16.59 

0.35 

13.00 

5.87 

0.24 

99.88 

41.72 

2 

40.86 

0.53 

22.56 

- 

15.76 

0.29 

14.68 

4.93 

0.33 

99.94 

37.56 

3 

41.15 

0.52 

22.77 

- 

14.63 

0.26 

16.36 

4.04 

0.19 

99.92 

33.38 

4 

41.47 

0.59 

22.48 

0.16 

12.65 

0.25 

17.40 

4.67 

0.22 

99.89 

28.95 

5 

41.79 

0.60 

22.79 

0.19 

11.57 

0.20 

18.15 

4.42 

0.24 

99.95 

26.32 

6Edge 

42.09 

0.59 

22.75 

0.41 

9.15 

0.35 

19.59 

4.90 

- 

99.83 

20.73 

The  relative  enrichment  of  inclusions  in  diamond  with  Fe  (both  garnet  [gr]  and  clinopyroxene  [px]) 
in  comparison  with  minerals  of  the  host  eclogite  and  garnet  clinopyroxenite  was  reported  by 
V.S. Sobolev  with  co-authors  (1972)  for  the  first  time  (Figure  2). 


Figure  1.  Composition  of  clinopyroxenes  (1) 
included  in  diamonds  and  (2)  from  diamond¬ 
bearing  garnet  pyroxenites  (II)  and  eclogites  (III) 
from  the  Udachnaya  pipe. 


Fe  Fe 


546 


The  compositions  of  the  minerals  from  this  M46  diamond-bearing  eclogite  are  the  following: 
[gr]-Nao.o22Cao.655Mgi.oo7Mno.o3iFei.3ioCro.oo2Ali.947Tio.o22Si3.oo40i2  (inclusion  in  diamond); 

Nao.o23Cao.693Mgi .  io8Mno.023Fe i .  1 86Cr0.oo4Ali .925Ti0.023Si3.01 5O1 2  (garnet  of  eclogite); 
[px]-Ko.oi3Nao.465Cao.503Mgo.48oMno.oo2Feo.i48Cro.oo2Alo.4i3Tio.oi3Sii.96i06  (inclusion  in  diamond); 
Ko.oo5Nao.476Cao.489Mgo.48oMno.oo2Feo.i34Cro.oo2Alo.398Tio.oi5Sii.99906  (pyroxene  of  eclogite). 

Figure  2.  Evolution  of  garnet  (1,3,5)  and 
clinopyroxene  (2,4)  compositions  from  diamond¬ 
bearing  rocks.  1-porphyric  garnet  grain  from 
diamond-bearing  eclogite  of  the  Udachnaya  pipe; 
2,3-inclusions  in  different  zones  of  diamond 
crystal  from  the  Mir  pipe  (Bulanova  et  al.,  1993); 
4,5-inclusions  in  diamond  and  minerals  of  host 
eclogite  from  the  Mir  pipe.  (Sobolev  et  al., 
1972). 


This  regularity  was  also  proved  by  studies  of  inclusions  in  diamond  crystals  along  the  zones  of  their 
growth  by  G.P.Bulanova  with  co-authors  (1993).  These  inclusions  were  captured  on  the  different 
stages  of  diamond  growth.  In  most  cases  an  increase  of  Mg  contents  and  a  decrease  of  Fe  contents  in 
garnets  and  clinopyroxenes  is  observed  in  the  outer  parts  in  comparison  with  the  inner  parts  of 
diamond  crystals.  Thus,  clinopyroxenes  from  the  zoned  diamond  (1168)  have  the  following 
compositions  (wt  %):  SiO2=54.30;  Ti02=1.23;  Al203=3.39;  Cr203=0.06;  FeO10.97;  MnO=0.12; 
MgOTO.35;  CaO=16.50;  Na20=3.15;  K2O=0.28;  total=100.35  (the  inner  part  of  the  diamond 
crystal),  and  SiO2=55.40;  TiO2=0.72;  Al203=9.46;  Cr2O3=0.15;  FeO-5.85;  MnO-0.04;  MgO=9.71; 
CaO=11.96;  Na20=5.44;  K2O=0.22;  total=98.93  (the  outer  part  of  the  diamond  crystal).  The 
described  relations  show  that  clinopyroxene  from  the  outer  part  of  the  diamond  crystal  is  similar  to 
pyroxenes  from  eclogite  xenoliths.  The  range  of  zonation  provides  information  on  the  crystallization 
differentiation  of  the  eclogite  and  pyroxenite  melts  during  their  crystallization  within  the  field  of 
diamond  stability  and,  then,  beyond  it. 

Gamet-clinopyroxene  parageneses  in  diamonds  crystallize  within  a  wide  temperature  range  (from 
1000  to  1300°C)  estimated  by  the  methodics  described  in  (Nikitina,  1993)  at  a  pressure  of  50  kbar. 
Table  2:  Gamet-Clinopyroxene  Associations  Included  in  Diamond  Crystals  and  Temperatures  of 


Their  Crystallization  (P=50  kbar) 


Formula  of  the  mineral  (Gr-gamet;  CPx-clinopyroxene) 

T°C 

Reference 

1 

Gr:  Nao.o36Cao.797Mgo.9ioMno.o25Fei.2g2Ali.86iTio.o7iSi3.oi40i2 

CPx:  Ko.oo2Nao.254Cao.6ioMgo.543Mno.oo3Feo.3o6Alo.27iTio.oo5Si2.oo306 

1265 

Sobolev  et  al., 
1983 

2 

Gr:  Nao.o28Cao.685Mgi.i68Mno.o22Fei.2ioCro.oo2Ali.803Tio.o7oSi3.oo70i2 

CPx:  Ko.oo6Nao.2o7Cao.673Mgo.675Mno.oo2Feo.262Alo.i7oTio.oo7Sii.99506 

1191 

Sobolev  et  al., 
1983 

3 

Gr:  Nao.o22Cao.662Mgi.i93Mno.oi6Fei.i49Cro.oo4Ali.94oTio.o5oSi2.96iOi2 

CPx: 

Ko.oi2Nao.34oCao.535Mgo.546Mno.ooiFeo.i99Cro.oo2Alo.372Tio.o2iSii.96906 

1151 

Gumey  et  al., 
1985 

4 

Gr:  Nao.oi5Cao.447Mgi.388Mno.o2iFei.i43Cro.oo4Ali.899Tio.o2oSi3.o6oOi2 

CPx:  Ko.oioNao.3o6Cao.566Mgo.608Mno.oo2Feo.i92Alo.297Tio.oi3Si2.oo206 

1100 

Sobolev  et  al., 
1983 

5 

Gr:  Nao.o23Cao.243Mgi.88iMno.oi7Feo.83iCro.oo6Ali.983Tio.o24Si2.9880i2 

CPx: 

Ko.oo3Nao.336Cao.383Mgo.765Mno.oo2Feo.i88Cro.oo2Alo.346Tio.oi3Si  1.958O6 

998 

Gumey  et  al., 
1985 
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A  decrease  of  a  temperature  of  garnet  and  clinopyroxene  joint  crystallization  was  caused  by  an 
increase  of  the  H20-component  concentration  (and  its  partial  pressure)  in  fluids  as  a  result  of 
disproportion  chemical  reactions  (H2+C0=C+H20,  CH4+2C0=3C+2H20,  and  the  like).  The  flows 
of  carbon-hydrogen  fluids  from  the  liquid  core  of  the  Earth  (plumes)  are  supposed  to  be  the  source 
of  H2O  in  magmatic  chambers  of  diamondiferous  mantle  (Marakushev,  1992).  The  finds  of  H2O- 
rich  fluid  inclusions  (up  to  80%  H2O)  in  natural  diamonds  (Melton,  Giardini,  1974;  Bulanova  et  al., 
1993)  prove  this  point  of  view. 

Thus,  gamet-clinopyroxene  association  in  magmatic  chambers  of  the  diamond  depth  facies  is  a 

cotectic.  Its  temperature  decreases  with  an  increase  of 
partial  pressure  of  H2O  in  fluids.  Crystallization  of  garnet 
results  in  rise  of  Mg  content  in  melts  and  “reversed” 
zonation  of  clinopyroxene  and  garnet  grains,  typical  for 
eclogite  and  garnet  clinopyroxenite  xenoliths  in 
kimberlite  pipes. 

Thermodynamic  estimations  resulted  in  the  plotting  of 
the  scheme  of  eclogite  magma  crystallization  within  the 
diamond  depth  facies  (Figure  3).  This  diagram  reflects 
the  compositional  variations  of  garnets  and 
clinopyroxenes  included  in  the  diamond  crystals  along 
the  zones  of  growth  (Bulanova  et  al.,  1993).  According 
to  the  scheme,  crystallization  of  magnesium  magma 
begins  with  clinopyroxene  which  leads  to  an  increase  of 
Fe  contents  in  melt  and  enrichment  of  clinopyroxene 
with  this  element.  In  the  opposite  case  (in  ferruginous 
melts),  crystallization  begins  with  garnet.  This  leads  to 
Figure  3.  Scheme  of  eclogite  magma  an  increase  of  Mg  content  in  melt  and  garnets  to  the  rims 
crystallization  in  the  diamond  depth  of  diamond  crystals.  Joint  crystallization  of  garnet  and 
facies  (P=50  kbar).  1 -3-compositions  of  clinopyroxene  results  in  increase  of  Mg  contents  in  both 
phases:  1 -clinopyroxene;  2-gamet;  3-  minerals,  because  garnet  predominates  over 
residual  melt  (supposed  composition).  clinopyroxene  in  eutectic  compositions  quantitatively. 
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Central  mantle  xenoliths  by  laser  ablation  ICP-MS:  a  new  tool 
for  investigating  mantle  geochemistry 
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Laser  ablation  inductively  coupled  plasma  mass  spectrometry  (LA-ICP-MS)  can  be  a 
powerful  technique  for  the  relatively  accurate  and  precise  in-situ  analysis  of  trace  elements 
in  mantle  phases  down  to  very  low  concentrations  (clOOngg-1  to  ljugg-  f ,  depending  on 
mass).  We  have  determined  concentrations  of  incompatible  trace  elements  in  separated 
clinopyroxene  grains  from  mantle  xenoliths  from  the  Massif  Central,  previously  analysed 
by  various  analytical  techniques  by  Downes  and  Dupuy  (1987),  Vannucci  et  al.  (1994), 
Zangana  et  al.  (1997)  with  additional  unpublished  data. 

To  achieve  optimum  data  quality  during  the  analysis  of  these  relatively  homogeneous 
minerals,  sampling  has  generally  been  carried  out  by  rastering  the  laser  beam  over  an  area 
of  approximately  100  by  150fim  on  the  sample  substrate.  Where  minerals  were  too  small 
for  this  procedure,  a  spot  method  was  employed,  with  a  corresponding  degradation  of 
precision.  The  long-term  reproducibility  of  the  technique  for  most  elements  is  shown  by 
the  consistency  of  results  for  one  sample  of  clinopyroxene  analysed  on  13  occasions  over 
a  period  of  9  months.  Calibration  was  carried  out  using  an  internal  standard  element  (in 
this  case  Ca  determined  by  electron  microprobe)  and  external  standardisation  was 
performed  against  NIST  glass  (NIST  612). 

Mean  results  for  REE,  Sr,  Y  and  Zr  in  agree  closely  previously  determined  values  by 
SIMS  and  isotope  dilution  mass  spectrometry  techniques  (ID-TIMS;  ID-ICP-MS).  The 
LA-ICP-MS  technique  can  also  determine  Ta,  Nb,  Hf,  U,  Th  and  Pb  at  sub-ppm  levels 
and  for  most  of  these  elements  agreement  of  our  new  data  with  that  determined  by  other 
methods  is  also  good.  However,  the  chalcophile  elemetn  Pb  behaves  errativally  during 
ablation  and  calibration  with  the  lithophile  Ca  internal  standard  was  of  limited  success, 
confirming  the  observations  of  previous  studies  (e.g.  Longerich  et  al.,  1996).  Rb  and  Ba 


549 


were  below  detection  limits  except  in  a  few  instances  where  fluid  inclusions  may  have 
been  present. 

The  samples  analysed  are  mostly  anhydrous  four-phase  spinel  lherzolites,  but  two 
harzburgites  and  one  pyroxenite  are  also  in  our  sample  set.  A  wide  range  of  textural  types 
ranging  from  protogranular  to  poikilitic  is  also  represented.  LREE-depleted  and  LREE- 
enriched  xenolith  types  were  also  included.  The  ranges  of  trace  element  concentrations  in 
mantle  clinopyroxenes  determined  by  LA-ICP-MS  are  very  wide,  in  some  cases  exceeding 
an  order  of  magnitude,  e.g.  24-355ppm  Sr,  3-34ppm  Y,  <0.08-1.5ppm  Nb,  confirming 
results  determined  by  other  techniques.  In  clinopyroxenes  from  the  pyroxenite,  some 
elements  are  particularly  enriched  (e.g.  in  the  peridotites,  Hf  ranges  from  0.17-1.3ppm, 
but  reaches  7.5ppm  in  the  pyroxenite;  likewise  Zr  ranges  from  9-41ppm  in  peridotites  but 
is  243ppm  in  the  pyroxenite). 

Among  LREE-depleted  xenoliths,  most  of  the  most  strongly  incompatible  elements  (U, 
Th,  Ta,  Nb)  are  below  the  detection  limits  of  the  technique  (20-80  ppb).  Sr,  Zr,  Hf  and  Y 
have  similar  mantle-normalised  abundances  to  the  REE,  forming  smooth  mantle- 
normalised  trace  element  patterns,  using  the  coefficients  of  Sun  and  McDonough  (1989). 
Pb  often  forms  small  positive  or  negative  anomalies  with  respect  to  adjacent  elements  in 
mantle-normalised  diagrams,  but  this  may  be  due  to  the  high  analytical  uncertainty  of  the 
Pb  determinations  and  may  not  be  petrogenetically  significant.  Overall,  the  new  data 
confirm  that  the  LREE-depleted  xenoliths  have  undergone  a  relatively  simple  history  of 
melt  extraction  without  any  subsequent  addition  of  incompatible  elements  (Zangana  et  al., 
1997). 

Among  the  LREE-enriched  xenoliths,  U  and  Th  concentrations  are  variable  and  are  often 
more  enriched  in  clinopyroxene  than  other  elements  of  similar  incompatibility.  This  is 
considered  to  be  a  genuine  feature  of  the  enriched  samples,  indicating  that  metasomatism 
strongly  enhances  the  abundances  of  U  and  Th  in  the  mantle.  Sr,  Zr,  Hf  and  Y  again 
usually  form  smooth  patterns  with  adjacent  elements  in  mantle-normalised  diagrams, 
although  Zr  and  Hf  are  conspicuously  depleted  in  the  clinopyroxenes  from  LREE-enriched 
harzburgites,  and  in  some  enriched  clinopyroxenes  Sr  forms  a  strong  positive  anomaly.  In 
clinopyroxenes  from  most  of  the  LREE-enriched  xenoliths,  Nb  and  Ta  are  strongly 
depleted  relative  to  adjacent  elements  (U,  Th,  LREE).  This  confirms  the  observations  of 
Bodinier  et  al.  (1996)  and  Ionov  et  al.  (1995)  that  Nb  and  Ta  are  not  partitioned  into 
mantle  pyroxenes  but  must  be  housed  by  another  phase,  e.g.  spinel. 
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Our  analyses  confirm  that  the  LA-ICP-MS  technique,  when  used  under  carefully 
controlled  conditions,  can  reproduce  REE  patterns  and  incompatible  element 
concentrations  to  high  degrees  of  accuracy  and  precision  in  relatively  homogeneous  mantle 
clinopyroxenes.  As  the  laser  probe  can  spatially  resolve  the  analysis  of  minerals  in  >80 
micron  thick  sections,  we  consider  that  LA-ICP-MS  will  add  another  important  tool  to  the 
study  of  trace  element  abundances  in  mantle  materials. 

References 

Bodinier,  J.-L.,  Merlet,  C.,  Bedini,  R.M.,  Simien,  F.,  Remaidi,  M.  and  Garrido,  C.J., 
1996.  Distribution  of  niobium,  tantalum,  and  other  highly  incompatible  trace  elements  in 
the  lithospheric  mantle:  The  spinel  paradox.  Geochim.  Cosmochim.  Acta,  60,  545-550. 

Downes,  H.  and  Dupuy,  C.,  1987,  Textural,  isotopic  and  REE  variations  in  spinel 
peridotite  xenoliths,  Massif  Central,  France.  Earth  Planet.  Sci.  Lett.  82,  p  121-135. 

Ionov,  D.A.,  Prikhod'co,  V.S.  and  O’Reilly,  S.  Y.,  1995.  Peridotite  xenoliths  in  alkali 
basalts  from  the  Sikhote-Alin,  southeastern  Siberia,  Russia:  trace  element  signatues  of 
mantle  beneath  a  convergent  continental  margin.  Chem.  Geol.  120,  275-294. 

Longerich,  H.P.,  Gunther,  D.  and  Jackson,  S.E.,  1996.  Elemental  fractionation  in  laser 
ablation  inductively  coupled  plasma  mass  spectrometry.  Fres.  J.  Anal.  Chem.,  355:  538- 
542. 

Sun,  S.-S.  and  McDonough,  W.  F.  1989.  Chemical  and  isotopic  systematics  of  oceanic 
basalts:  implications  for  mantle  composition  and  processes.  In:  Magmatism  in  the  Ocean 
Basins.  (Eds.  Saunders,  A.  D.  and  Norry,  M.  J.).  Geol.  Soc.  Sp.  Pub.  42,  313-345. 

Vannucci,  R.,  Ottolini,  L.,  Bottazzi,  P.,  Downes,  H.  and  Dupuy,  C.,  1994,  INAA, 
IDMS  and  SIMS  comparative  REE  investigations  of  clinopyroxenes  from  mantle  xenoliths 
with  different  textures.  Chem.  Geol.  118,  85-108. 

Zangana,  N.  A.,  Downes,  H.,  Thirlwall,  M.  F.  and  Hegner,  E.,  1997,  Relationship 
between  deformation,  equilibration  temperatures,  REE  and  radiogenic  isotopes  in  mantle 
xenoliths  (Ray  Pic,  Massif  Central,  France):  an  example  of  plume-lithosphere  interaction? 
Contrib.  Mineral.  Petrol.  127,  187-203. 


551 


A  new  occurrence  of  microdiamonds  in  quartzofeldspathic  rocks  of  the 
Saxonian  Erzgebirge,  Germany,  and  their  metamorphic  evolution 
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Institut  fur  Mineralogie  und  Kristallchemie,  Universitat  Stuttgart,  Azenbergstr.  18,  D-70174  Stuttgart,  Germany 


Introduction 

Very  recently,  Massonne  et  al.  (1998)  reported  a  method  for  polishing  rock  thin-sections  suitable  to 
quantitatively  detect  microdiamonds  that  are  exposed  at  the  polished  surface  by  a  peculiar  striation 
pattern  around  them.  Using  this  method,  which  was  already  successfully  applied  to  diamondiferous 
quartzofeldspathic  rocks  of  the  Kokchetav  Massif  in  Northern  Kazakhstan  (Massonne  et  al.,  1998), 
a  gneiss  from  the  Saxonian  Erzgebirge  was  also  recognized  to  contain  microdiamonds  enclosed  in 
garnet.  This  sample  was  conspicuous  because  of  the  abundant  garnets  of  similar  grain  size  (around 
1.5  mm)  having  rather  peculiar  potatoe-like  shapes.  In  looking  for  these  characteristics,  a  new 
sampling  campaign  in  the  Erzgebirge  was  successful,  leading  to  the  recognition  of  further 
diamondiferous  quartzofeldspathic  rocks,  which  were  so  far  unique  only  in  the  Kokchetav  Massif. 

Geological  setting 

The  crystalline  massif  of  the  Erzgebirge  is  located  in  Saxony  and  the  Northern  Czech  Republic. 
Like  other  basement  areas  in  Central  Europa,  it  is  part  of  the  Variscides,  which  are  widely  covered 
by  younger  strata.  The  crystalline  massif  of  the  Erzgebirge  forms  an  oval-shaped  antiformal 
structure  extending  nearly  80  kilometers  in  NE-SW  direction.  In  its  central  portion,  predominantly 
ortho-  and  paragneisses  occur  that  show  numerous  lenses  of  eclogites  formed  at  metamorphic 
temperatures  around  800°C  (Massonne,  1994)  or  above  (Schmadicke  et  al.,  1992).  In  this  so-called 
„Gneiss-Eclogite  Unit“  a  relative  large  lense  of  garnet  peridotite  also  appears.  The  diamondiferous 
gneisses  were  found  in  this  unit  at  or  near  the  eastern  shore  of  the  Saidenbach  reservoir,  about  1.5 
km  NE  of  Forchheim. 

Parageneses  and  mineral  compositions 

The  diamondiferous  gneisses  show  abundant  quartz,  plagioclase  and  potassic  white  mica  besides  10 
to  20  Vol.%  of  garnet.  Kyanite  crystals  occur  in  some  samples  as  relics.  They  are  at  least  partially 
replaced  by  potassic  white  mica.  K-feldspar  can  be  occasionally  present,  as  well.  Minor  constituents 
but  omnipresent  are  zircon  and  rutile.  Biotite  appears  only  as  replacement  product  of  potassic  white 


Tab.  1:  Structural  formulae  of  garnet  and  kyanite  analyzed  by  a  Cameca  SX-50  microprobe  from 
diamondiferous  gneisses.  I  =  core,  II  =  intermediate  zone,  III  =  rim  of  garnet 


E97-1 

I 

E97-2 
inner  I 

outer  I 

inner  II 

outer  II 

inner  III 

outer  III 

kyanite 

11178/2 

11164/15 

11164/10 

11164/8 

11164/134 

1 1 164/2 

11164/131 

11164/34 

Si 

2.957 

2.953 

2.958 

2.959 

2.965 

2.968 

2.983 

0.988 

Ti 

0.004 

0.012 

0.011 

0.008 

0.005 

0.003 

0.003 

0.0014 

Al 

2.017 

2.003 

2.009 

2.013 

2.013 

2.003 

2.001 

2.007 

Cr 

- 

0.001 

0.001 

0.001 

0.001 

0.003 

0.002 

0.0008 

Mg 

0.896 

0.864 

0.903 

0.942 

1.069 

0.945 

0.912 

0.0019 

Ca 

0.420 

0.451 

0.398 

0.360 

0.282 

0.425 

0.421 

- 

Fe2+ 

1.639 

1.669 

1.677 

1.671 

1.622 

1.610 

1.651 

0.0019 

Mn 

0.029 

0.022 

0.022 

0.022 

0.021 

0.019 

0.019 

- 
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mica  in  very  small  amounts.  Diamonds  as  large  as  25  Jim  are  enclosed  in  garnet,  kyanite  and  zircon. 
For  instance,  in  sample  E97-2  about  140  microdiamonds  could  be  detected  being  exposed  on  a  6 
cm2  surface  area.  In  this  sample  microdiamonds  were  also  unequivocally  identified  lying  below  the 
polished  surface.  Graphite  pseudomorphs  after  diamond  can  be  abundant  in  the  investigated 
gneisses.  Moreover,  graphite  flakes  occur  in  the  matrix  of  all  diamondiferous  samples.  This  is  also 
the  case  in  diamondiferous  gneisses  from  the  Kokchetav  Massif.  Thus,  it  seems  to  be  an  important 
feature  for  this  rock  type. 

Detailed  electron  microprobe  work  was  undertaken  for  four  diamondiferous  gneisses  from  the 
Erzgebirge  and  for  two  gneisses  from  the  Kokchetav  Massif  for  comparison.  The  latter  rocks  also 
contained  microdiamonds  enclosed  in  garnet  and  zircon.  However,  they  showed  abundant  biotite 
and  only  minor  potassic  white  mica.  In  addition  to  spot  analyses,  element  distribution  maps 
(Bernhardt  et  al.,  1995)  of  several  garnets  and  micas  were  prepared. 

Garnets  from  all  samples  show  virtually  the  same  chemical  zonation  patterns.  They  can  be 
subdivided  into  three  zones.  A  core  region  shows  slight  zonation  by  increasing  Mg  and  decreasing 
Ca  contents  (Tab.  1).  According  to  the  shape  of  this  zone  the  garnets  were  xenomorphic  at  this 
stage.  Ti  contents  reach  their  maximum  at  the  rim  of  the  core  zone.  Surprisingly,  the  compositions 
of  this  inner  garnet  zone  can  differ  among  the  garnets  of  one  sample  significantly.  An  intermediate 
zone  is  characterized  by  a  further  increase  of  Mg  and  decrease  of  Ca  which,  however,  is  very  clear 
compared  to  the  core  zone.  In  the  rim  zone  of  garnet,  which  is  only  occasionally  developed,  a 
decrease  of  Mg  and  an  increase  of  Ca  can  be  observed.  In  addition,  a  maximum  of  the  Cr  content 
can  be  related  to  the  inner  portion  of  the  rim  zone.  Microdiamonds  and  graphite  pseudomorphs 
appear  exclusively  in  the  intermediate  zone  of  garnet.  So  far,  no  evidence  was  found  that  phengite 
formed  together  with  diamond,  but  in  the  gneisses  from  the  Erzgebirge  an  earlier  stage  of  phengite 
formation  can  be  traced  due  to  white  mica  inclusions  in  the  core  zone  of  garnet.  These  phengites 
show  a  distinct  composition  from  those  included  in  other  garnet  zones  and  those  of  the  matrix  (see 
Tab.  2). 

P-T  evolution 

Metamorphic  conditions  were  derived  at  least  partially  by  applying  thermodynamic  calculations. 
The  Ti  content  of  potassic  white  mica  was  used  as  a  geobarometer  (Massonne  et  al.,  1993)  and  a 
revised  Fe-Mg  exchange  thermometer  for  the  phengite-garnet  pair  (Massonne,  1997)  was  applied. 
For  the  earliest  metamorphic  stage  preserved  in  the  diamondiferous  gneisses  of  the  Erzgebirge 
conditions  around  700°C  and  20  kbar  were  calculated  (Fig.  1).  Because  the  chemical  composition 
of  the  garnet  core  tends  to  be  equalized  by  thermal  diffusion,  the  temperature  estimate  refers  rather 
to  a  maximum  temperature  for  this  early  stage.  Subsequently,  pressures  increased  dramatically  up  to 
40  kbar  or  more  so  that  diamond  was  formed.  The  phengite  broke  down  to  form  kyanite  and  a 
potassic  phase  which  might  then  be  a  fluid,  K-feldspar  or  even  a  potassic  cymrite.  Because  no  clear 
evidence  was  found  so  far  for  which  potassic  phase  was  present  at  the  peak  P  conditions,  it  is 
impossible  for  the  moment  to  derive  a  value  for  the  corresponding  water  activity.  Temperatures 
increased  with  rising  P  to  a  range  between  900°  to  1000°C  resulting  in  a  significant  Ti  solubility  in 
garnet.  This  temperature  estimate  was  obtained  by  comparison  of  garnets  with  rutile  inclusions 
formed  at  various  metamorphic  temperatures.  During  the  exhumation  to  levels  related  to 
metamorphic  pressures  between  15  to  20  kbar  the  intermediate  zone  of  garnet  was  formed  and 
diamond  crystals  were  enclosed.  The  corresponding  uplift  rate  is  assumed  to  be  very  high,  although 
temperatures  decreased  to  about  750°C.  At  the  end  of  this  stage,  phengite  was  newly  formed  but 
was  still  coexisting  with  kyanite.  The  subsequent  metamorphic  evolution  derived  here  is  similar  to 
that  deduced  by  Willner  et  al.  (1997),  who  reported  an  exhumation  of  the  gneisses  at  slightly 
decreasing  temperatures  starting  at  about  60  km  depth  only.  Therefore,  the  question  arises  which 
portion  of  the  „Gneiss-Eclogite  Unit“  was  object  of  the  ultra-high  pressure  metamorphism. 
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The  metamorphic  evolution  for  the  diamondiferous  gneisses  of  the  Kokchetav  Massif  might  be  very 
similar  to  that  described  above. 


Tab.  2:  Structural  formulae  of  ph^ngites  (double 

formulae  unit)  analyzed  by  a  Cameca  SX-50 
microprobe  from  diamondiferous  gneisses. 


E97-1 

E97-2 

inclusion 

matrix, 

matrix, 

inclusion 

in  garnet 

core 

rim 

in  garnet 

zone  I 

zone  II 

11177/3 

11177/16 

11177/35 

11177/48 

Si 

6.565 

6.476 

6.367 

6.462 

A1 

4.297 

4.564 

4.727 

4.431 

Cr 

0.003 

0.005 

0.005 

0.002 

Ti 

0.258 

0.215 

0.235 

0.329 

Mg 

0.727 

0.598 

0.521 

0.651 

Mn 

0.006 

- 

0.004 

0.001 

Fe2+ 

0.172 

0.167 

0.174 

0.118 

Ba 

0.012 

0.017 

0.011 

0.005 

Na 

0.084 

0.070 

0.060 

0.103 

K 

1.674 

1.710 

1.706 

1.548 

F 

0.029 

0.048 

0.044 

0.031 

OH 

3.971 

3.952 

3.956 

3.969 

Fig.  1 :  P-T  evolution  of  the  diamondiferous  gneisses 
from  the  Erzgebirge. 


References 

Bernhardt,  H.J.,  Massonne,  H.-J.,  Reinecke,  T.,  Reinhardt,  J.  and  Willner,  A.,  1995,  Digital  element 
distribution  maps,  an  aid  for  petrological  investigations:  Ber.  Dt.  Mineral.  Ges.,  Beih.  Eur.  J. 
Mineral.,  7,  No.  1,  28. 

Massonne, H.-J.,  1994,  P-T  evolution  of  eclogite  lenses  in  the  crystalline  complex  of  the  Erzgebirge, 
Middle  Europe:  an  example  for  high-pressure  to  ultrahigh-pressure  metabasites  incorporated  into 
continental  crust:  First  Workshop  on  UHP  metamorphism  and  tectonics,  Abstr.  Vol.,  29-32. 
Massonne,  H.-J.,  1997,  An  improved  thermodynamic  solid  solution  model  for  natural  white  micas 
and  ist  application  to  the  geothermobarometry  of  metamorphic  rocks:  Geol.  Surv.  Finland,  Guide 
46,  Mineral  equilibria  and  databases,  Abstracts,  49. 

Massonne,  H.-J.,  Grosch,  U.,  and  Willner,  A.,  1993,  Geothermobarometrie  mittels  Ti-Gehalten  in 
Kalihellglimmem:  Ber.  Dt.  Mineral.  Ges.,  Beih.  Eur.  J.  Mineral.,  5,  No.  1,  85. 

Massonne,  H.-J.,  Bernhardt,  H.J.,  Dettmar,  D.,  Kessler,  E.,  Medenbach,  O.,  and  Westphal,  T.,  1998, 
Simple  identification  and  quantification  of  microdiamonds  in  rock  thin-sections:  Eur.  J.  Min.,  in 
press. 

Schmadicke,  E.,  Okrusch,  M.,  and  Schmidt,  W.,  1992,  Eclogite-facies  rocks  in  the  Saxonian 
Erzgebirge,  Germany:  high  pressure  metamorphism  under  contrasting  P  T  conditions:  Contrib. 
Mineral.  Petrol.,  1 10,  226-241. 

Willner,  A.P.,  Rotzler,  K.,  and  Maresch,  W.V.,  1997,  Pressure-temperature  and  fluid  evolution  of 
quartzo-feldspathic  metamorphic  rocks  with  a  relic  high-pressure,  granulite-facies  history  from  the 
Central  Erzgebirge  (Saxony,  Germany):  J.  Petrol.,  38,  307-336. 


554 


Methods  for  Determination  of  Fe3+/XFe  in  Microscopic  Samples 
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Introduction 

Analytical  methods  have  evolved  such  that  determination  of  chemical  composition  in  microscopic 
samples  can  be  carried  out  with  high  precision  and  spatial  resolution.  However,  none  of  the 
analytical  methods  are  able  to  distinguish  between  different  valence  states,  e.g.  Fe2+  and  Fe3+,  which 
is  crucial  to  determination  of  important  parameters  such  as  oxygen  fugacity.  Methods  such  as  wet 
chemistry  can  be  used  to  measure  Fe3+/£Fe  values,  but  cannot  be  applied  to  small  samples.  To 
address  this  problem,  methods  have  been  evolving  in  recent  years  to  measure  Fe3+/ZFe  with  higher 
spatial  resolution.  This  paper  will  critically  examine  these  methods  and  describe  some  recent 
applications. 

Electron  microprobe 

The  possiblity  to  calculate  the  stoichiometric  formula  of  a  mineral  from  its  chemical  analysis  is  often 
applied  to  determine  Fe3+/XFe  values  from  electron  microprobe  analyses.  It  is  important,  however, 
to  propagate  the  uncertainties  through  the  calculation  in  order  to  evaluate  the  significance  of  the 
results.  For  example,  Canil  and  O’Neill  (1996)  calculate  uncertainties  in  Fe3+/£Fe  for  representative 
mantle  samples  of  spinel,  garnet  and  clinopyroxene  to  be  2.5%,  12%  and  51%,  respectively. 
Additional  errors  are  introduced  if  the  phase  is  not  stoichiometric,  or  if  there  are  other  cations 
present  with  multiple  valence. 

Another  possibility  to  determine  Fe3+/XFe  using  the  electron  microprobe  is  through  analysis  of 
oxygen  (e.g.  Bastinand  Heijligers,  1989).  Sample  preparation  is  critical,  however,  since  emission  is 
restricted  to  shallow  depths  (of  the  order  1000  A).  Effects  such  as  surface  contamination  and 
roughness  are  disastrous,  and  it  is  crucial  to  use  correct  procedures  in  collecting  and  analysing  the 
data.  As  above,  calculation  of  Fe3+/SFe  assumes  that  phases  are  stoichiometric  and  that  iron  is  the 
only  cation  with  multiple  valence. 

A  more  direct  method  for  calculating  Fe3+/£Fe  using  the  electron  microprobe  has  been  recently 
developed  by  Hofer  et  al.  (1994)  through  analysis  of  the  Fe  La  and  Lp  X-ray  emission  spectra. 
Calibration  curves  between  Fe3+/XFe  and  the  intensity  ratio  Lp/  La  are  structure  dependent,  but  can 
be  determined  with  an  accuracy  of  ±  5%  in  Fe3+/£Fe  as  shown  by  Enders  et  al.  (1997)  for  alkali- 
andcalcic-amphiboles. 

X-ray  Photoelectron  Spectroscopy  (XPS) 

Photoelectron  energy  spectra  obtained  by  bombarding  a  sample  with  X-rays  can  be  analysed  to 
provide  information  about  the  elemental  and  chemical  state  of  the  atoms.  In  particular,  Fe2+  and  Fe3+ 
have  photopeaks  at  different  energies,  so  the  oxidation  state  of  Fe  can  be  determined  with  reasonable 
accuracy  (e.g.  McIntyre  and  Zetaruk,  1977).  A  recent  study  by  Raeburn  et  al.  (1997a,b)  applied  the 
method  to  biotite  samples  with  a  spot  size  of  2  x  0.25  mm  and  an  accuracy  of  5-15%  in  Fe3+/£Fe. 
One  advantage  of  the  method  is  the  wide  availability  of  XPS  instruments,  while  a  large  disadvantage 
is  the  strong  surface  sensitvity  (typically  only  the  top  5  nm  are  sampled). 
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X-ray  Absorption  Near-Edge  Spectroscopy  (XANES) 

The  X-ray  K-  and  L-absorption  edges  of  iron  have  features  which  are  sensitive  to  the  valence 
electrons,  and  can  be  used  to  estimate  Fe3+/£Fe.  The  L  edge  is  dominated  by  dipole  transitions 
which  are  sensitive  to  oxidation  state,  site  symmetry,  spin  state  and  crystal  field  splitting,  and  has 
been  used  to  characterise  valence  states  for  a  number  of  different  3d  transition  metals  (e.g.  Cressey 
etal.,  1993).  The  pre-edge  region  of  the  K-absorption  edge  is  sensitive  primarily  to  oxidation  state, 
and  has  been  used  in  numerous  studies  to  determine  Fe3+/ZFe.  For  example,  a  recent  study  by 
Delaney  et  al.  (1996)  determined  Fe3+/XFe  values  in  amphibole  with  a  spot  size  of  30  x  50  pm. 
Advantages  of  the  method  include  the  potentially  high  spatial  resolution  (to  ~  1  pm),  while  a 
disadvantage  is  the  need  for  a  synchrotron  source  of  X-rays. 

Electron  Energy  Loss  Spectroscopy  (ELNES) 

ELNES  is  the  electron  equivalent  of  XANES.  The  energy  spectrum  can  be  measured  using  a  high- 
resolution  spectrometer  attached  to  a  standard  transmission  electron  microscope.  The  energy 
difference  in  maxima  arising  from  Fe2+  and  Fe3+  in  the  spectrum  is  sufficiently  large  to  enable 
quantitative  determination  of  Fe2+/Fe3+  ratios.  Fe  L2,3  edge  spectra  were  used  by  van  Aken  et  al. 
(1998)  on  a  large  suite  of  synthetic  and  natural  minerals  to  calibrate  Fe3+/£Fe  values  determined  by 
Mossbauer  spectroscopy  with  values  determined  from  the  intergal  intensity  ratio  L3/L2.  Absolute 
errors  for  the  quantitative  determination  were  estimated  to  be  approximately  ±0.05  for  Fe3+/XFe  < 
0.4  and  ±  0.03  for  Fe3+/XFe  >  0.6.  A  large  advantage  of  the  method  is  the  extremely  high  spatial 
resolution  possible  (down  to  -  10  nm),  while  one  disadvantage  is  the  destructive  nature  of  sample 
preparation. 

Mossbauer  spectroscopy 

Mossbauer  spectroscopy  is  a  reliable  method  for  determination  of  Fe3+/£Fe,  and  provides 
additional  crystal  chemical  information  about  the  environment  of  iron  in  the  sample.  Traditionally  it 
has  required  samples  with  diameter  -  1  cm,  but  a  method  developed  by  McCammon  et  al.  (1991) 
enables  experiments  to  be  carried  out  on  samples  of  diameters  as  small  as  50  jLim  (see  also 
McCammon,  1994).  Advantages  of  the  method  include  the  wide  availability  of  Mossbauer 
spectrometers  and  the  non-destructive  nature  of  the  technique,  while  disadvantages  are  the  limited 
spatial  resolution  (not  less  than  50  pm)  and  the  relatively  long  time  required  to  collect  spectra  (>  12 
hr). 

Applications 

Applications  of  techniques  to  determine  Fe3+/£Fe  in  microscopic  samples  are  numerous.  The 
Mossbauer  method  has  been  applied  to  a  number  of  mantle  problems: 

(1)  Oxygen  fugacity  conditions  during  formation  of  diamonds  from  George  Creek,  Colorado  as 
measured  from  Fe3+/£Fe  of  garnet  and  clinopyroxene  inclusions  (McCammon  et  al.,  1998  ) 

(2)  Fe3+  content  of  inclusions  in  diamond  from  the  lower  mantle  with  implications  for  lower  mantle 
oxidation  state  (McCammon  et  al.,  1997) 

(3)  Distribution  of  Fe3+  in  garnets  from  the  Wesselton  kimberlite  with  implications  for  oxygen 
fugacity  (McCammon  et  al.,  in  preparation) 
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Kimberlites:  the  Products  of  Deep-Seated  Subduction 

McCandless,  T.E.1 
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With  the  general  acceptance  of  the  Plate  Tectonic  Theory  over  25  years  ago,  most  igneous  rock 
assemblages  were  recognised  to  characterise  some  aspect  of  either  rifting,  subduction,  or  hot  spot 
activity  (e.g.,  MORE,  OIB).  Kimberlites  (and  related  rocks),  though  significant  as  primary  sources 
of  diamond  and  mantle-derived  xenoliths,  are  positioned  far  inland  from  plate  margins,  and  were 
generally  excluded  from  tectonic  interpretation.  Sharp  (1974)  proposed  that  kimberlites  were  related 
to  subduction,  as  have  Helmstaedt  and  Gurney  (1984,  1997).  However,  three  problems  have 
prevented  any  clear  correlation  being  drawn  between  kimberlite  activity  and  plate  tectonics.  (1)  The 
lack  of  accurate  dates  for  kimberlite  magmatism  made  it  difficult  to  recognize  any  spatial-temporal 
trends  that  could  be  correlated  with  plate  motion;  (2)  seismic  evidence  suggested  that  subducted 
oceanic  lithosphere  lost  its  physical  integrity  within  a  few  hundred  kilometers  from  the  trench 
(Toksoz,  1975);  and  (3)  it  was  considered  improbable  that  the  fluids  essential  for  triggering 
magmatism  could  be  carried  deep  into  the  mantle. 

These  complications  can  now  be  addressed  in  the  following  manner:  (1)  Accurate  dating  of  kimberlite 
fields  in  southern  Africa  and  North  America  has  progessed  to  the  point  that  temporal  patterns  can  be 
recognised  in  both  cases  (Helmstaedt  and  Gurney,  1997;  McCandless,  1997).  (2)  Seismic  imaging  of 
the  Farallon  Plate  beneath  North  America  demonstrates  that  subducted  oceanic  lithosphere  can  be 
recognised  several  hundred  kilometers  inboard  from  its  site  of  subduction  (Grand  et  al.,  1997).  (3) 
Experimental  and  physical  evidence  suggests  that  fluids  can  be  carried  deep  into  the  mantle  in  dense 
hydrous  silicates  (Bose  and  Ganguly,  1995),  possibly  to  be  involved  in  diamond  formation  itself 
(Navon  et  al.,  1988;  Schrauder  and  Navon,  1994).  The  purpose  of  this  paper  is  to  present  a  tectonic- 
thermal  model  that  explains  the  spatial-temporal  patterns  of  kimberlitic  magmatism  over  a  period  of 
earth  history  when  relative  plate  motions  are  best  known,  i.e.,  from  -200  Ma  to  present. 

Toksoz  (1975)  recognized  that  depressed  heat  flow  above  convergent  margins  must  be  due  to  the 
subduction  of  cold  oceanic  lithosphere  into  the  warm  mantle,  and  produced  a  model  to  demonstrate 
the  thermal  and  chemical  changes.  To  account  for  kimberlitic  magmatism,  the  slab  is  extended  several 
hundred  kilometers  inland  and  below  the  continental  lithosphere  (Figure  la).  At  time  ti  and  a  constant 
velocity  Vi,  the  isotherms  are  depressed  in  the  cold  descending  slab,  allowing  fluids  to  reach  greater 
depths  before  being  heated  enough  to  be  released  and  trigger  kimberlitic  magmatism.  Changes  in  plate 
convergence  at  time  t2  result  in  a  reduction  in  velocity  (V2<Vi);  isotherms  begin  migrating  up  the 
slab,  fluids  are  released  and  trigger  mantle  magmatism  that  at  the  surface  becomes  progressively 
younger  from  right  to  left  (Figure  lb). 

Applying  this  model  to  southern  Africa,  prior  to  140  Ma,  active  subduction  off  the  west  coast  of 
Gondwana  placed  oceanic  lithosphere  far  beneath  the  continent  (Figure  2a).  During  this  period, 
kimberlites  are  restricted  to  south  central  Gondwana,  where  the  subducted  oceanic  lithosphere  is  deep 
enough  to  reach  the  temperature  necessary  to  release  the  fluids  for  kimberlitic  magmatism.  Rifting  of 
the  south  Atlantic  at  -130  prevents  further  subduction  beneath  southern  Africa  (Figure  2b).  The 
convergence  velocity  between  eastern  Gondwana  and  the  subducted  proto-Pacific  drops  to  near  zero, 
thus  disturbing  the  thermal  equilibrium  in  the  slab.  Heat  migrates  up  the  foundered  oceanic 
lithosphere  from  its  deepest  (hottest)  end,  volatiles  are  driven  off,  triggering  a  westward  migration  of 
kimberlitic  magmatism  (Figure  2b). 

Volume  and  area  considerations  also  require  that  enormous  amounts  of  oceanic  lithosphere  have  been 
subducted  beneath  North  America  in  the  past  200  Ma.  Although  kimberlite  ages  are  less  well- 
constrained,  and  the  convergence  between  the  Farallon,  Kula  and  North  American  plates  has  varied 
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considerably,  temporal- spatial  patterns  can  be  recognised.  From  175-125  Ma,  the  Farallon  Plate  was 
subducted  in  an  eastern  to  southeastern  direction,  with  velocity  decreasing  by  a  factor  of  two  (Cox  et 
al.,  1989).  Kimberlites  emplaced  during  this  period  of  fast  to  slow  convergence  are  located  along  the 
easternmost  region  of  the  continent  (Quebec,  Ontario,  Michigan,  ~150  Ma).  Convergence  shifts 
northward  and  increases  between  125  to  75  Ma;  widespread  kimberlitic  magmatism  associated  with 
the  Laramide  orogeny  reaches  far  to  the  north  (Somerset  Island,  Slave  Province,  Alberta, 
Saskatchewan)  and  east  (Arkansas,  Kansas).  Convergence  decreases  dramatically  from  125  to  25  Ma 
and  heat  migrates  up  Farallon  Plate  from  its  deepest  end.  A  wholesale  migration  of  kimberlitic 
magmatism  to  the  south  and  west  ensues,  culminating  in  lamproitic  magmatism  in  the  southern 
Wyoming  craton  (Leucite  Hills;  1-3  Ma ). 

Kimberlites  can  thus  be  attributed  to  deep  subduction  magmatism,  and  temporal- spatial  patterns  can 
be  linked  with  changes  in  convergence  between  oceanic  and  continental  lithospheric  plates.  Calc- 
alkaline  magmatism  in  the  distant  geologic  record  is  often  used  in  reconstruction  of  paleo-plate 
boundaries  and  directions  of  subduction;  kimberlite  magmatism  may  also  serve  to  identify  the 
presence  of  far-reaching  subduction,  where  no  other  evidence  is  preserved. 
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Syngenetic  inclusion  bearing  diamonds  from  Letseng-la-Terai,  Lesotho. 
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An  integrated  study  of  syngenetic  inclusion  mineralogy  and  chemistry,  coupled  with  the 
determination  of  513C  and  nitrogen  content  and  aggregation  state  of  encapsulating  diamond  from 
Letseng-la-Terai,  reveal  a  chemically  diverse  diamond  suite  recording  a  complex  mantle  history 
beneath  the  south-eastern  margin  of  the  Kalahari  Craton.  Peridotitic,  eclogitic,  websteritic,  sulphide 
and  ferropericlase  assemblages  are  present,  together  with  diamond  and  calcite  inclusions  which  are 
of  undefined  paragenetic  type. 

Inclusion  assemblages. 

The  peridotitic  phases  garnet  (grt),  orthopyroxene  (opx)  and  chromite  (chr)  all  occur  by  themselves 
or  with  olivine  (ol).  In  addition  a  grt+opx  pair  and  a  grt+opx+ol  triplet  are  present  in  separate 
stones,  all  phases  non-touching.  Websteritic  grt  occurred  by  itself  or  with  clinopyroxene  (cpx).  An 
opx-cpx-ol  assemblage,  is  also  classified  as  websteritic.  The  eclogitic  inclusions  found  are  grt  and 
coesite,  but  they  were  in  separate  diamonds.  Sulphide,  ferropericlase  and  diamond  all  occur  by 
themselves.  Calcite  occurs  by  itself  and  with  olivine. 

Inclusion  chemistry. 

All  inclusions  were  recovered  subsequent  to  diamond  breaking.  Garnets  of  peridotitic  (all 
harzburgitic),  websteritic  and  eclogitic  parageneses  fall  within  the  bounds  of  previously  published 
analyses  of  syngenetic  garnet  inclusions  worldwide  (Figure  1).  Olivine  compositions  which  range 
from  F093.1  to  F095.2,  plot  at  the  magnesian  end  of  the  worldwide  composition  range  (Figure  2).  The 
main  population  of  opx  are  also  relatively  magnesian  (Figure  3),  the  exception  being  the  websteritic 
opx  at  Eng  1.1.  Cr203  contents  in  chromites  are  in  the  range  60.5  to  66.2  wt%  with  F/FM  (Fe2+/Fe2+  + 
Mg)  ratios  of  0.29  -  0.32.  Both  cpxs  are  omphacitic.  The  single  sulphide  is  bimineralic,  composed 
of  pyrite  exsolving  from  a  monosulphide  solid  solution.  The  lone  ferropericlase  of  Mg#  89.0 
contains  1.7  wt%  NiO  and  0.3  wt%  Na20  as  the  main  impurities.  Both  the  coesite  and  calcite 
inclusions  are  almost  pure  end  member  phases. 

Inclusion  disequilibrium. 

Two  diamonds  bore  inclusion  assemblages  with  disequilibrium  compositions.  A  harzburgitic  stone 
yielded  two  discrete  garnets  with  a  difference  of  6.04  wt%  in  Cr203  and  1.29  wt%  in  CaO.  The 
websteritic  assemblage  opx-cpx-ol,  yielded  an  opx  (Engu)  chemically  distinct  from  peridotitic 
opxs,  whilst  the  olivine  (F093.1)  was  indistinguishable  from  the  peridotitic  population. 

513C  signatures. 

The  813C  diamond  compositions,  summarised  in  Figure  4,  spanned  a  wide  range  (-18  to  -2 %c),  but 
no  obvious  correlation  between  the  inclusion  chemistry  and  the  513C  signatures,  was  noted. 
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Figure  1.  CaO  vs  Cr203  plot  of  Letseng  garnet  inclusions  with 
parageneses  as  shown.  Small  circles  represent  previously 
published  inclusion  analyses  from  the  database  compiled 
by  Stachel  and  Harris  (1997). 
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Figure  2.  Olivine  compositions  from  Letseng 
compared  to  those  from  pre-existing  analyses 
compiled  by  Stachel  and  Harris  (1997). 
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Figure  3.  Orthopyroxene  analyses  from  Letseng  inclusions 
compared  with  pre-existing  analyses  compiled  by  Stachel  and  Harris 
(1997). 
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Figure  4.  Variation  of  813C  signature  of 
diamond  host  with  inclusion  chemistry. 


Aggregation  states  and  contents  of  nitrogen. 

Fourier  Transform  Infrared  Spectroscopy  (FTIR)  on  31  diamonds  with  suitable  cleavage  chips  upon 
inclusion  breakout,  yielded  the  nitrogen  aggregation  state  and  subsequently,  the  nitrogen  contents. 
Ten  diamonds  are  Type  II  (i.e.  devoid  of  nitrogen);  9  of  these  contained  peridotitic  inclusions,  the 
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tenth  being  the  diamond  with  ferropericlase.  Of  the  remainder,  2  diamonds  are  IaA,  3  are  IaA-p  (i.e 
IaA  with  platelets),  3  are  IaAB,  22  are  IaAB-p  and  1  is  IaB.  Hydrogen  was  detected  in  three 
diamonds,  all  Type  IaAB-p.  Nitrogen  contents  ranged  between  18  and  1003  atomic  ppm  in  the 
Type  I  diamonds.  There  is  no  correlation  between  the  nitrogen  aggregation  state  and  content  and 
the  diamond  paragenesis  type  or  513C  value. 

Geothermobarometry. 

Peridotitic  inclusion  assemblages  yield  equilibration  temperatures  of  1 125°C  to  1236°C  for  grt+opx 
pairs  (Harley,  1984),  and  1250°C  to  1354°C  for  grt+ol  pairs  (O’Neill  and  Wood,  1979;  O’Neill, 
1980).  Temperature  variations  of  up  to  50°C  were  recorded  by  a  multiple  grt+opx  bearing  diamond. 
Calculated  pressures  ranged  between  52  kbars  and  68  kbars  (Brey  and  Kohler,  1990).  Websteritic 
equilibration  temperatures  were  1259°C  for  the  grt+opx  assemblage  and  1323°C  using  the  Ca  in 
opx  thermometer  of  Brey  and  Kohler  (1990). 

Conclusions. 

The  Letseng-la-Terai  diamond  suite  shows  some  striking  similarities  to  those  from  the  mines  at 
Koffiefontein,  Jagersfontein  (Deines  et  al.,  1991)  and  Monastery  (Moore  and  Gurney,  1986),  which 
are  all  situated  on  the  Kalahari  craton  edge.  The  disequilibrium  inclusion  compositions,  variation  in 
equilibration  temperatures  and  the  wide  range  of  813C  values  could  be  interpreted  as  evidence  of 
multistage  diamond  growth  and  resorption  over  a  prolonged  time  interval,  within  a  single  host 
lithology  undergoing  modal  metasomatism  as  a  result  of  melt  percolation.  However,  disequilibrium 
is  only  observed  in  two  of  the  diamonds,  and  the  degree  of  metasomatism  required  for  such 
dramatic  changes  to  a  host  rock  lithology  has  not  so  far  been  observed  in  mantle  xenoliths.  A  more 
feasible  explanation  for  this  diverse  diamond  suite  is  that  the  Letseng  kimberlite  sampled  multiple 
diamondiferous  horizons  during  eruption.  This  varied  mantle  stratigraphy  was  also  sampled  by  the 
neighbouring  craton-edge  kimberlites. 
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Introduction 

Exploration  undertaken  from  1991  to  1994  by  Monopros  Limited,  a  subsidiary  of  De  Beers 
Consolidated  Mines  Limited,  on  the  Hardy  Lake  property  led  to  the  discovery  of  seven  kimberlites 
(McKinlay  et  ah,  1997).  Since  then  another  three  bodies  have  been  found.  The  Hardy  Lake  (HL) 
property  is  located  ~350km  NNE  of  Yellowknife  in  the  Northwest  Territories,  Canada.  The  HL 
bodies  form  an  eastern  extension  of  the  Lac  de  Gras  kimberlite  province(s).  This  area  occurs  within 
the  Slave  Geological  Province,  an  Archaean  craton.  The  kimberlites  are  hosted  by  granite  and 
quartz  monzonite.  The  area  is  covered  by  glacial  deposits  from  which  kimberlite  indicator  minerals 
were  recovered  to  aid  in  the  discovery  of  the  kimberlites.  The  indicator  minerals  were  dispersed  in  a 
NW  direction  by  glaciers  influenced  by  the  Keewatin  Ice  Divide  centred  on  the  west  side  of  Hudson 
Bay.  The  kimberlites  all  contain  microdiamonds,  some  in  significant  quantities  but  the  bodies  are 
small,  being  less  than  4  ha.  in  size. 

Mantle-derived  xenocrysts 

In  the  HL  kimberlites  mantle-derived  xenocrysts  vary  in  abundance.  After  olivine,  garnet  is  the 
dominant  mineral.  Chromite  is  generally  present  in  moderate  abundances  and  chrome  diopside 
varies  from  relatively  abundant  to  rare.  In  most  of  the  HL  kimberlites  ilmenite  is  rare  to  absent. 
Most  of  the  garnets  are  lherzolitic  varieties  with  Cr203  contents  ranging  up  to  12  wt.%.  Ti02-rich 
and  Ti02-poor  garnets  are  both  present.  Up  to  11%  of  the  garnets  in  any  one  kimberlite  classify  as 
G10.  Up  to  8%  of  the  garnets  are  eclogitic  and  minor  megacrystic  types  also  occur.  The 
incompatible  element  (Ti,  Zr)  compositions  of  the  garnets  show  that  the  kimberlites  sampled 
depleted  lithosphere.  The  garnets  commonly  have  kelyphitic  rims.  Chromites  from  HL  are 
comparable  in  composition  to  those  typically  found  in  kimberlites  elsewhere  and  up  to  35%  of  the 
grains  are  similar  to  diamond  inclusion  chromites.  The  latter,  together  with  the  common  G10 
garnets,  indicate  that  the  kimberlites  sampled  the  diamond  stability  field  in  the  mantle  which  is 
consistent  with  the  presence  of  microdiamonds.  The  kimberlitic  ilmenites  have  Cr203  contents 
between  1-4  wt.%  and  are  considered  to  be  metasomatic  in  origin.  The  chrome  diopsides  present  are 
derived  from  peridotites.  A  few  ultramafic  xenoliths  were  observed  in  the  drillcore. 

Geology  of  the  kimberlites 

The  HL  occurrences  are  classified  as  kimberlites  (sensu  stricto,  Group  1  or  archetypal).  They 
contain  two  generations  of  olivine  which  are  set  in  groundmasses  composed  of  monticellite,  spinel, 
perovskite,  mica,  serpentine  and  carbonate.  The  ten  kimberlite  bodies  form  two  contrasting  groups, 
each  with  distinct  textural  characteristics  : 

A.  the  larger  bodies  which  are  infilled  with  inhomogeneous,  partly  bedded,  volcaniclastic 
kimberlite,  and 

B.  the  smaller  bodies  which  are  composed  of  fresh  internally  uniform  hypabyssal  kimberlite  that 
occurs  as  pipes  and  small  sheet-like  intrusions. 
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Group  A,  comprising  the  two  most  northerly  bodies  (HL01  and  HL02),  are  volcaniclastic 
kimberlites  composed  mainly  of  single  grains  of  olivine  set  in  a  fine  grained  non-magmatic  inter¬ 
clast  matrix  which,  in  many  parts  of  the  kimberlite  bodies,  resembles  shale.  Juvenile  pyroclastic 
lapilli  are  present,  mainly  in  the  coarser  grained  kimberlite.  The  rocks  vary  from  matrix  supported 
F-  to  F-MK  to  clast  supported  CK  (terminology  after  Field  and  Scott  Smith,  this  volume).  Some 
bedding,  including  graded  beds,  are  present.  Most  observed  beds  are  <lm  thick  (but  may  range  up 
to  10m).  Each  of  the  pipes  displays  specific  characteristics,  for  example,  with  respect  to  the  mantle- 
derived  xenocryst  and  country  rock  xenolith  contents,  and  in  the  nature  of  the  inter-clast  matrices. 
The  differences  show  the  unique  nature  of  the  two  volcanic  centres.  The  kimberlites  contain 
xenoliths  of  granite  but  inclusions  of  shale  are  much  more  common.  The  paucity  of  granite  clasts 
shows  that  the  pipes  were  excavated  into  the  country  rock  prior  to  their  infilling  by  kimberlitic 
material.  The  shale  must  have  been  derived  from  sedimentary  country  rocks  that  covered  the 
Archaean  basement  at  the  time  of  kimberlite  emplacement  but  have  since  been  eroded.  Many  of  the 
sediment  xenoliths  were  poorly  consolidated  when  they  were  incorporated  into  the  kimberlite.  Some 
fossil  wood  is  also  present.  The  hypabyssal  kimberlites  (Group  B)  vary  from  sparsely  macrocrystic 
to  macrocrystic  in  texture.  They  contain  common  xenoliths  of  granite  (usually  <lcm)  but  in  three  of 
the  kimberlites  there  are  also  rare  irregular  xenoliths  that  resemble  sedimentary  material. 

Palynology 

Palynomorphs  recovered  from  individual  sedimentary  clasts  hosted  by  the  volcaniclastic  kimberlites 
usually  have  restricted  age  ranges  between  3  and  10  Ma.  (99-94,  97-96,  96-93,  93-90,  88-85,  84-75, 
78-67  and  74-67  Ma.).  These  data  suggest  that  the  sediment  clasts  represent  xenoliths  derived  from 
many  different  stratigraphic  units  of  the  now  eroded  sedimentary  cover  rocks.  The  total  range  in 
ages  of  the  sediments  (99-67  Ma.)  spans  most  of  the  Upper  Cretaceous  showing  that  during  this 
period  the  Western  Interior  Seaway  extended  over  this  area  of  the  Slave.  It  is  probably  not 
coincidental  that  this  is  also  the  period  of  overall  highest  sea  levels  in  the  Seaway.  Similar  results 
were  found  by  Nassichuk  and  McIntyre  (1995)  for  other  pipes  in  the  Lac  de  Gras  area  west  of  HL.  It 
is  interesting  to  consider  what  thickness  of  sediments  may  have  been  present  at  the  time  of 
kimberlite  emplacement  and  what  their  possible  effect  on  the  near  surface  emplacement  processes 
would  have  been  in  terms  of  the  concepts  discussed  by  Field  and  Scott  Smith  (this  volume). 
Another  fascinating  aspect  of  these,  and  other  kimberlites  in  the  Lac  de  Gras  area,  is  why  some 
kimberlites  formed  volcaniclastic  infilled  pipes  while  others  are  hypabyssal.  The  HL  sediment 
xenolith  data  also  show  that  the  maximum  age  of  emplacement  of  these  kimberlites  is  74-78  Ma.. 

Samples  of  the  host  volcaniclastic  kimberlite  which  contained  no  macroscopically  visible  sediment 
xenoliths  all  contained  microfossils.  In  contrast  to  the  single  sediment  xenoliths  discussed  above, 
each  sample  of  the  host  kimberlite  yielded  palynomorphs  with  a  wide  range  of  ages  of  between  30 
and  60  Ma..  This  shows  that  the  inter-clast  matrix  of  the  volcaniclastic  kimberlites  is  composed  of  a 
blend  of  disseminated  shale  from  mixed  stratigraphic  sources  in  the  sedimentary  cover.  This  result 
strongly  suggests  that  the  final  deposition  of  the  kimberlitic  material  containing  the  blended  shaly 
matrix  was  by  resedimentation  processes.  This  conclusion  is  supported  by  the  presence  of  probable 
armoured  lapilli  and  a  variety  of  'mudballs’  composed  of  a  mixture  of  shale  and  kimberlitic 
constituents.  The  presence  of  armoured  lapilli  and  ‘mudballs’  also  suggests  a  wet  environment  of 
deposition.  The  total  range  in  ages  of  the  microfossils  found  in  the  host  kimberlite  is  116-55  Ma. 
and  includes  examples  younger  than  those  found  among  the  analysed  xenoliths.  Palynomorphs  with 
age  ranges  <67Ma.  were  only  found  in  HL01.  There  are  two  possible  explanations  for  these 
features. 
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Firstly,  the  kimberlites  could  be  younger  than  74-78  Ma..  An  age  of  52  Ma.  has  been  reported  for 
another  kimberlite  in  the  Lac  de  ,Gras  area  (Nassichuk  and  McIntyre,  1995).  If  so,  the  uppermost 
country  rock  sediments  may  not  have  included  67-55  Ma.  rocks  or  the  rocks  of  this  age  were  so 
poorly  consolidated  that  they  disintegrated  when  incorporated  into  the  kimberlite.  It  is  also  possible 
that  the  sampling  did  not  include  such  xenoliths.  The  second  explanation  is  that  the  kimberlites 
were  emplaced  at  ~74  Ma..  Heaman  et  al.  (1997)  reported  an  age  of  74  Ma.  for  another  Lac  de  Gras 
kimberlite.  If  so,  the  HL  pipes  could  have  been  infilled  by  resedimentation  over  a  prolonged  period 
of  time,  long  enough  to  incorporate  palynomorphs  from  the  surface  long  after  the  kimberlite 
eruption. 

Most  of  the  microfossils  from  the  sediment  xenoliths  (97-73  Ma.)  are  marine.  However,  the 
youngest  micro  fossils  from  each  of  the  host  kimberlites  are  terrestrial  (66-55  Ma.  at  HL01;  74-67 
Ma.  at  HL02).  This  suggests  that  the  period  74-66  Ma.  was  a  time  of  regression.  This  is  consistent 
with  the  last  overall  main  regression  of  the  Western  Interior  Seaway  which  occurred  at  ~71Ma.. 
After  this  time  terrestrial  conditions  probably  predominated.  Given  the  lack  of  a  precise  age  of 
eruption  for  the  HL  bodies,  the  environment  at  the  time  of  emplacement  of  the  kimberlite  cannot  be 
determined. 

A  few  sediment-like  xenoliths  from  two  of  the  hypabyssal  kimberlites  yielded  sparse  terrestrial 
organic  material  with  ages  of  108-97,  116-97  and  possibly  67  Ma..  Further  work  is  required,  but  the 
data  suggest  that  the  xenoliths  contain  Cretaceous  organisms  derived  from  the  sedimentary  cover 
and  that  the  magmatic  kimberlite  must  have  penetrated  some,  or  all,  of  the  Cretaceous  sediments 
that  were  present  at  the  time  of  emplacement.  The  magma  must  then  have  withdrawn  to  its  present 
location.  Also,  the  organisms  appear  to  have  been  subjected  to  a  maximum  temperature  of  only  300° 
C  which  is  unexpected.  Possible  olivines  were  observed  within  some  of  the  xenoliths  suggesting 
that  they  may  not  be  simple  country  rock  clasts. 

Conclusions 

Ten  kimberlites  were  discovered  on  the  HL  property  which  include  two  volcaniclastic  pipes  with 
the  remainder  being  of  hypabyssal-facies.  Palynology  of  sedimentary  xenoliths  from  within  the 
volcaniclastics  show  that  the  kimberlites  were  emplaced  after  74-78Ma.  and  that  the  Great  Western 
Interior  Seaway  covered  this  part  of  the  Slave  during  most  of  the  Cretaceous.  The  volcaniclastic 
kimberlites  may  have  been  deposited  by  resedimentation  processes  (possibly  long  lived)  into  a 
previously  excavated  pipe.  Cretaceous  palynomorphs  have  been  recovered  from  rare  xenoliths 
within  hypabyssal  kimberlites. 
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A  principal  objective  in  analysing  the  mid-infrared  (IR)  spectra  of  diamonds  is  the  possibility  of  defining 
separate  diamond  populations  with  distinctive  characteristics,  in  order  on  the  one  hand  to  assist  in 
diamond  exploration,  and  on  the  other  to  improve  our  knowledge  of  Mantle  geophysics  and 
geochemistry  over  perhaps  3  Ga  by  associating  Mantle  residence  time/temperature  estimates  with  other 
data  such  as  isotope  data  and  inclusion  chemistry. 

The  first  of  these  activities  generally  involves  measurements  on  rough  stones,  while  the  second  usually 
involves  polished  plates.  If  IR  analyses  are  to  become  a  routine  component  of  exploration  data,  it  is 
essential  that  the  results  be  available  quickly,  which  in  turn  means  that  it  must  be  possible  to  process  the 
spectra  semi-automatically,  even  when  they  are  of  variable  quality. 

In  order  to  achieve  these  objectives,  hundreds  of  mid-infrared  (IR)  spectra  have  been  measured,  using  a 
Bruker  IR  microscope,  to  obtain  statistics  of  mantle  residence  conditions  for  various  diamond 
populations.  The  spectra  have  been  analysed  using  methods  described  in  Mendelssohn  &  Milledge 
(1995),  but  the  rate-limiting  step  is  the  extraction  of  relevant  data  from  the  spectra  themselves,  and  the 
requirement  that  for  spreadsheet  comparisons  all  data  from  a  single  spectrum  must  be  contained  in  a 
single  row,  and  each  column  must  have  a  single  entry. 

This  problem  has  been  solved  by  using  specially  constructed  macros  operating  within  the  Bruker  Opus 
software,  to  provide  a  few  spreadsheet-friendly  files  for  transfer  to  spreadsheets  used  for  for  subsequent 
analysis.  Some  of  the  problems  and  possibilities  inherent  in  this  approach  will  be  considered. 

Baselining 

The  main  problem  involved  in  spectra  from  rough  stones  is  the  variable  baseline,  and  processing 
packages  offer  various  options  for  baseline  correction.  The  method  used  (Mendelssohn  &  Milledge 
1995)  involved  the  calculation  of  a  straight  baseline,  which  is  quite  satisfactory  for  polished  plates  or 
octahedra,  but  unsatisfactory  for  many  rough  stones  or  polished  plates  whose  sides  are  not  parallel.  For 
rough  stones,  therefore,  baselining  is  now  being  performed  automatically  as  part  of  the  effort  to  make 
the  process  as  operator-independent  as  possible. 

Diagnostics 

One  of  the  main  difficulties  in  the  automatic  processing  of  the  1 -phonon  region  of  the  diamond  IR 
spectrum  is  that  some  features  may  be  absent,  present  as  a  shoulder,  or  present  as  a  peak,  and  it  is 
necessary  to  know  which  is  the  case,  while  one  number  has  to  represent  the  feature  in  the  spreadsheet. 
This  problem  has  been  solved  in  the  following  way: 

The  main  macro  considers  10  regions  of  the  diamond  spectrum  whose  boundaries  have  been  carefully 
selected  as  a  result  of  trial  processing  of  five  groups,  each  consisting  of  some  200  spectra,  involving  data 
from  different  localities  where  different  types  of  diamond  occur.  Ideally,  each  region  should  produce 
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only  one  entry  (peak  or  shoulder)  expected  in  this  region  for  any  diamond  spectrum.  However,  more 
than  one  entry  may  be  obtained  for  one  of  two  reasons:  a)  unexpected  peaks  may  occur,  or  b)  fringes 
may  be  present,  and  this  would  not  be  acceptable  in  a  spreadsheet,  which  requires  one  entry  per 
spectrum  per  region.  The  macro  thus  examines  both  peak  and  shoulder  possibilities,  and  lists  the  number 
of  peaks  as  a  positive  counter  and  the  number  of  shoulders  as  a  negative  counter,  or  zero  if  neither  is 
present.  If  more  than  one  peak  or  shoulder  is  present,  the  position  and  absorbance  of  the  largest  peak  is 
given.  Obtaining  peak  positions  from  the  macro  by  using  the  OPUS  peakpick  algorithms  has  the  added 
advantage  that  the  peak  position  is  found  by  interpolation  so  that  quite  accurate  values  are  obtained 
from  the  data  which  uses  a  resolution  of  8  wavenumbers.  Peak  information  is  not  used  in  routine 
aggregation  assessment,  although  it  has  been  found  that  the  actual  position  of  the  developing  1 174cm'1 
peak  gives  a  useful  indication  of  the  extent  of  aggregation,  and  this  estimate  is  now  included  in  the 
spreadsheet. 

Nitrogen  aggregation  estimates 

The  method  of  estimating  aggregation  by  comparing  the  ratios  of  various  features  in  the  1 -phonon 
spectrum,  assuming  that  the  shape  of  the  end-member  envelopes  is  known,(Mendelssohn  &  Milledge 
1995)  generally  works  quite  well,  but  information  about  multiple  peaks  or  off-scale  data  needs  to  taken 
into  account,  so  the  process  is  only  semi-automatic,  digitising  the  available  information  but  still  requiring 
assessment  by  the  operator.  In  particular  the  temperature  estimates  made  for  a  specified  Mantle 
residence  time  require  close  attention,  because  of  the  possibility  of  overlapping  zones,  especially  in 
rough  stones.  In  fact  the  most  serious  systematic  error  so  far  identified  in  the  data  analysis  concerns  the 
apparent  rise  of  temperature  in  low-nitrogen  rims  of  polished  plates.  Higher  temperatures  in  outer  zones 
are  not  physically  acceptable,  and  after  examining  expanded  low-N  rim  spectra  from  a  number  of  plates, 
it  has  become  clear  that  the  problem  is  due  to  the  extension  of  a  wedge  of  the  internal  zone  into  the  rim, 
so  that  the  shape  of  the  envelope  (and  hence  the  estimate  of  %B)  is  the  same  as  that  found  for  the  inner 
zone,  but  it  is  weaker  w.r.t.  the  two-phonon  absorption  because  the  wedge  only  occupies  part  of  the 
plate  thickness,  and  thus  appears  to  suggest  the  same  aggregation  state  for  less  nitrogen  ..  i.e.  a  higher 
temperature.  Once  realised,  this  phenomenon  is  obvious  from  the  traverse  graph  in  the  new  spreadsheet, 
where  it  can  be  seen  that  %NasB  remains  constant,  whereas  Nppm  decreases  towards  the  rim. 

Thickness  calculator 

Maps.  Because  the  macros  operate  on  any  spectra  which  have  been  loaded,  they  can  be  used  to  process 
traverses  extracted  from  maps,  but  attempts  to  do  this  have  shown  that  it  is  essential  to  record  the  x,y 
values  of  location  points  on  the  specimen  as  positioned  for  the  map,  because  if  the  increments  are,  say, 
250  microns,  the  actual  positions  at  which  the  spectra  have  been  obtained  relative  to  inclusions  or  zone 
boundaries  are  not  known  as  accurately  as  they  could  have  been.  A  further  problem  with  maps  is  that 
the  spectra  have  to  be  located  at  points  on  a  regular  orthogonal  mesh,  which  usually  involves  significant 
numbers  of  spectra  being  recorded  at  points  off  the  specimen  altogether,  or  too  near  the  edge  to  be 
acceptable.  One  way  of  discarding  such  spectra  is  to  define  a  range  of  acceptable  values  for  the  1 992cm' 
1  normalising  absorbance,  based  either  on  the  known  thickness  of  the  plate  or  on  the  consistency  of  the 
values  obtained  across  the  specimen  either  before  or  after  baselining. 

Accordingly,  the  spreadsheet  has  been  provided  with  a  calculator  which  shows  the  values  to  be 
expected  after  baselining  for  a  range  of  plate  thicknesses  which  can  be  specified,  and  the  thicknesses 
corresponding  to  the  observed  range  of  1992cm'1  absorbances.  A  number  of  experiments  have  been 
made  using  spectra  from  plates  whose  thicknesses  had  been  measured  with  a  micrometer,  and  in  all 
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cases  calculated  thicknesses  were  slightly  less  than  the  measured  values  (by  -lOmicrons).  This  is 
probably  reasonable,  in  that  many  of  the  plates  were  not  completely  parallel  or  uniform  in  thickness,  and 
may  not  have  been  absolutely  clean.  It  can  also  be  useful  when  processing  data  from  microdiamonds 
because  values  of  specimen  thickness,  from  actual  measurements,  using  photographs  or  the  microscope 
apertures  and  stage  micrometers,  can  be  entered  in  the  calculator  and  the  corresponding  value  of  the 
normalising  absorbance  at  1992cm'1  can  be  substituted  for  the  measured  value,  which  is  unreasonably 
sensitive  to  baselining,  especially  when  nitrogen  content  is  high,  so  that  the  computed  value  may  provide 
a  better  estimate. 

Automatic  diagnostic  graphs 

It  is  quite  obvious  that  platelet  peak  positions  and  intensities  vary  considerably  within  and  between 
specimens,  and  do  not  always  correlate  with  nitrogen  concentration  and  aggregation  results.  Because 
platelets  are  precipitates,  information  relating  to  their  size  and  distribution  seems  in  principle  to  offer  the 
possibility  of  investigating  changes  in  time,  temperature  and  impurity  content,  and  a  number  of  graphs 
relating  these  quantities  to  platelet  peak  position  and  intensity  have  been  collected  on  a  single  page  to 
facilitate  the  search  for  meaningful  relationships. 

The  page  also  contains  a  graph  for  plate  traverse  data  showing  how  scaled  values  of  the  various 
parameters  vary  across  the  plate,  and  a  graph  showing  where  the  spectra  have  been  measured  if 
appropriate  x,y  data  are  available.  The  traverse  graph  can  also  be  used  to  compare  separate  stones  in  a 
batch,  as  was  done  in  the  case  of  the  Copeton  stones  ( Meyer  et.  al.(1997),  Fig.  13). 

Further  objectives 

Analysis  of  traverse  data  can  in  principle  be  used  to  see  whether  separate  zones  in  different  plates  appear 
to  have  experienced  the  same  conditions,  and  some  of  the  available  diagnostics,  especially  the  data  on 
hydrogen  and  carbonates,  has  not  yet  been  examined  in  detail,  and  neither  has  the  exact  shape  of  the 
platelet  peak,  for  which  a  separate  spreadsheet  is  in  preparation.  Attempts  will  also  be  made  to  correlate 
IR  data  with  birefringence,  since  both  measurements  involve  transmission  through  the  whole  plate, 
whereas  cathodoluminescence  only  refers  to  a  few  microns  of  the  surface.  A  birefringence  attachment 
has  been  fitted  to  the  IR  microscope  so  that  required  positions  at  which  spectra  are  to  be  taken  can  be 
located  directly. 
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Application  of  garnet  geothermobarometry  to  southern  African  kimberlites 
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Ryan  et  al.  (1996)  propose  a  method  for  determining  a  geotherm  from  the  major  and  trace  element 
compositions  of  a  population  of  discrete  garnet  xenocrysts  sampled  from  the  lithosphere  by 
kimberlites  and  other  volcanic  rocks.  The  procedure  involves  obtaining  a  temperature  using  the 
nickel  in  garnet  thermometer  (TnO  followed  by  a  pressure  calculation  using  the  garnet  barometer 
(PCr).  This  calculation  involves  an  iterative  process  in  which  a  theoretical  orthopyroxene  (in 
equilibrium  with  the  garnet)  is  derived  from  the  garnet’s  major  element  composition  and  its 
temperature  of  equilibration.  According  to  Ryan  et  al.  (1996),  the  calculated  value  is  a  minimum 
pressure  because  one  cannot  ascertain  whether  it  is  in  equilibrium  with  chromite  and  hence,  chrome 
saturated.  The  garnet  geotherm  is  thus  derived  from  the  locus  of  maximum  Pcr  for  each  T^\. 

In  this  study,  the  “garnet  geotherm”  method  of  Ryan  et  al.  (1996)  is  applied  to  garnets  from  various 
Kaapvaal  craton  kimberlites.  The  localities  investigated  include  the  Group  I  kimberlites  of  the 
Kimberley  Group  (De  Beers,  Wesselton,  Du  Toitspan)  and  Monastery,  and  the  Group  II  kimberlites 
of  Newlands,  Roberts  Victor  and  Finsch.  In  addition  to  Ryan  et  al.  (1996),  the  experimentally 
calibrated  Tni  of  Canil  (1994)  is  used  for  comparison.  Major  element  compositions  were  obtained 
using  the  electron  microprobe  (EMP)  at  the  University  of  Cape  Town,  and  trace  elements  using  the 
proton  microprobe  (PMP)  at  the  National  Accelerator  Center,  Cape  Town.  The  implied  garnet 
geotherms  of  both  Ryan  and  Canil  are  compared  to  geotherms  derived  from  peridotitic  xenolith 
suites  from  most  of  the  localities.  The  xenolith  geotherms  were  derived  by  applying  a  variety  of 
geothermobarometers  to  data  from  the  UCT  Kimberlite  Research  Group,  or  from  data  obtained  in 
the  literature.  With  the  exception  of  the  Kimberley  group,  the  kimberlites  analysed  in  this  study  are 
all  diverse  in  space  and  time,  and  it  is  therefore  not  possible  to  combine  all  the  garnet  pressures  and 
temperatures  to  construct  a  single  garnet  geotherm. 

The  derived  garnet  geotherms  for  the  three  methods  applied  vary  from  35  to  40  mW/m2.  Table  1 
contains  a  summary  of  the  results  from  the  various  localities.  The  implied  garnet  geotherms  vary 
depending  on  whether  Tni  (Ryan)  or  Tni  (Canil)  is  combined  with  Pcr-  In  general,  relatively  few 
points  in  P-T  space  define  the  garnet  geotherm  and  thus  in  many  cases  the  value  inferred  is 
somewhat  subjective.  The  garnet  geotherm  is  commonly  defined  by  both  G9  and  G10  garnets  with 
temperatures  less  than  1200  °C.  Below  1200  °C,  T^  (Canil)  is  greater  than  T^  (Ryan).  The 
absolute  difference  between  these  two  geothermometers  increases  as  the  nickel  content  in  the  garnet 
decreases.  Because  the  Pcr  calculation  is  temperature  dependent,  the  pressures  calculated  using  the 
Tui  (Canil)  are  different.  The  combination  of  T^i  (Canil)  and  Pcr  define  a  garnet  geotherm  higher 
than  that  of  TNi  (Ryan)  and  Pcr.  The  lower  the  implied  garnet  geotherm  of  Ryan  et  al.  (1996),  the 
greater  the  difference  in  the  implied  geotherm  of  Canil  (1994).  Figures  la  and  lb  show  this 
difference  for  the  Kimberley  Group  of  kimberlites.  The  garnet  geotherms  derived  using  TNi  (Canil) 
correspond  closer  to  the  xenolith  geotherms  than  do  the  garnet  geotherms  derived  using  T^  (Ryan). 
It  should  be  noted  that  the  minimum  temperature  possible  using  T^  (Canil)  is  approximately 
850°C.  This  effectively  “compresses”  the  garnet  temperature  range  relative  to  Tni  (Ryan)  and  the 
inferred  garnet  geotherm  is  thus  defined  over  a  narrower  P-T  range. 
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Table  1  Various  garnet  and  xenolith  geotherms  for  selected  southern  African  locations 


Kimberlite 

Age1 

(Ma) 

Group 

TNi  (Ryan) 
Garnet 
Geotherm 
(mW/m2) 

TNi  (Canil) 
Garnet 
Geotherm 
(mW/m2) 

Xenolith 

Geotherm 

(mW/m2) 

Temperature 
of  start  of 
diamond 
stability 

Depth  of 
start  of 
diamond 
stability 

Kimberley  Group 

77  to  92 

I 

37 

40 

39 

1030 

140 

Finsch 

91  tol  18 

II 

39? 

39 

40 

980 

135 

Monastery 

90 

I 

38 

40 

40 

1030 

140 

Newlands 

114 

II 

35 

37 

37 

900 

125 

Roberts  Victor 

92  tol28 

II 

35 

37 

900 

125 

1  Age  data  compiled  from  Gurney  et  al.  (1991)  and  Smith  et  al.  (1985). 


The  garnet  temperature  range  (for  both  TNi  (Ryan)  and  Tni  (Canil))  varies  between  locations.  In 
general,  however,  the  temperatures  range  up  to  1200  °C,  after  which  the  garnets  become  scarce. 
This  is  illustrate  din  the  Newlands  example  presented  in  Figure  2.  There  does  not  appear  to  be  a 
noticeable  difference  in  temperature  range  between  Group  I  and  Group  II  kimberlites. 
Temperatures  calculated  for  both  the  G9  and  G10  garnets  generally  overlap  although  the  G9’s 
typically  have  temperatures  spanning  a  greater  range.  The  derived  geotherms  for  Group  II 
kimberlites  are  lower  than  those  obtained  for  Group  .1  kimberlites,  an  observation  consistent  with 
that  previously  described  by  Griffin  and  Ryan  (1995).  However,  the  garnet  geotherms  determined 
for  individual  locations  analysed  both  in  this  study  and  in  the  study  by  Griffin  and  Ryan  (1995),  are 
different. 

Fifteen  of  the  samples  analysed  from  Newlands  are  diamond-bearing  garnet  macrocrysts  (described 
in  detail  by  Menzies,  1998).  All  the  diamond-bearing  garnet  macrocrysts  have  Tni  (Ryan)  and 
(Canil)  that  fall  within  the  diamond  stability  field  using  geotherms  derived  from  either  of  the  two 
combinations.  This  observation  does  indicate  the  potential  usefulness  of  this  method  in  obtaining  a 
better  understanding  of  the  nature  of  the  peridotitic  garnet  population.. 


Kimberley  Group 


Figure  la: 
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Kimberley  Group 


Figure  lb: 


Kimberley  Group 

O'Neill  and  Wood  (1979)  vs  MacGregor  (1974) 


Figure  1c 


Figure  2 
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REE  patterns  in  diamond  bearing  eclogites  and  diamond  bearing  peridotites 

from  Newlands  kimberlite 

Menzies,  A.H.1,  Gurney,  J.J.  \  Harte,  B.2,  and  Hauri,  E.3 

1  Department  of  Geological  Sciences,  University  of  Cape  Town,  Rondebosch  7700,  South  Africa 
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Washington  D.C.  20015,  U.S.A. 

This  study  reports  the  first  REE  patterns  for  a  suite  of  diamondiferous  garnet  harzburgites  from  the 
Kaapvaal  craton.  A  range  of  non-diamondiferous  peridotites  and  eclogites  from  Newlands  were 
also  analysed  for  comparison.  The  Newlands  kimberlite  cluster  is  a  member  of  the  Barkly  West 
group  located  NW  of  Kimberley,  South  Africa.  It  is  of  Group  II  affinity  and  dated  at  -114  Ma 
(Smith  et  al.,  1985).  Details  of  the  Newlands  kimberlite  and  its  xenoliths  are  described  by  Menzies 
(1998)  and  Gurney  and  Menzies  (1998).  Samples  were  analysed  at  Grant  College  (Edinburgh 
University)  and  the  Carnegie  Institute  of  Washington  using  the  Cameca  IMF  4f  and  Cameca  IMF 
6f,  respectively. 

Eclogites: 

The  eclogites  can  be  divided  into  five  groups  on  the  basis  of  hand  specimen  observations  of  over  40 
specimens.  Statistical  analysis  using  Principal  Component  Analysis  (PC A)  on  major  and  trace 
element  mineral  chemistry  supports  these  groupings  (figure  la).  Only  Group  E  is  diamond-bearing 
and  is  similar  to  Group  D  (not  shown  in  figure  1  a)  in  mineral  chemistry  and  hand  specimen  except 
for  the  presence  of  diamond.  In  this  study  10  diamond-bearing  eclogites  were  analysed  and  one 
from  each  of  Groups  A,  B,  and  C  for  comparison  (see  figure  la,b,c). 

The  garnets  and  clinopyroxenes  from  diamond-bearing  eclogites  display  remarkably  similar  REE 
patterns,  with  normalised  REE  ([REE]n)  variations  between  samples  all  within  a  factor  of  two 
(figure  lb  and  lc).  Even  sample  AHM  K8,  which  is  the  only  diamond-bearing  eclogite  to  display  a 
major  and  trace  element  chemistry  different  to  the  other  diamond-bearing  samples  (see  figure  la), 
has  a  similar  REE  pattern.  Group  A  eclogites  have  a  very  similar  garnet  and  clinopyroxene  pattern 
to  diamond-bearing  eclogites,  however  there  are  subtle  differences.  The  garnets  display  a  slightly 
higher  [La]n  and  MREE  pattern  while  the  clinopyroxenes  also  have  a  marginally  higher  [La]n  and 
lower  HREE  pattern.  PC  A  using  major  and  trace  elements  (but  excluding  REEs)  associates  sample 
AHM  K8  with  Group  A  eclogites.  This  is  also  observed  in  the  REE  pattern,  with  AHM  K8 
displaying  the  subtle  differences  shown  by  Group  A  eclogites  as  well  as  being  noticeably  lower  in 
HREEs.  The  [La]n  is  a  factor  of  two  higher  for  both  Group  A  eclogites  and  sample  AHM  K8  over 
diamond-bearing  eclogites.  Group  B  eclogites  display  higher  LREEs  in  the  garnets  and  lower 
HREEs  in  the  clinopyroxene  relative  to  diamond-bearing  specimens.  In  contrast,  Group  C  eclogites 
are  highly  depleted  in  all  REE's  compared  to  other  groups.  The  various  eclogitic  groups  can  also  be 
recognised  on  the  basis  of  garnet  and  clinopyroxene  REE  patterns. 

The  diamond-bearing  eclogites  from  Newlands  do  not  display  the  REE  variation  observed  in 
diamond-bearing  eclogites  in,  for  example,  the  Yakutian  kimberlite  field  (Snyder  et  al.,  1997  and 
references  therein). They  do,  however,  have  similar  REE  patterns  to  the  ‘typical’  clinopyroxenes  and 
garnets  identified  by  Snyder  et  al.  (1997)  except  that  the  (La/Nd)n  ratio  is  slightly  higher 
(clinopyroxene:  1.2  to  1.3;  garnet:  0.10  to  0.15).  The  clinopyroxenes  from  non  diamond-bearing 
eclogites  and  sample  AHM  K8  plot  along  a  Sr/Nd  mantle  array  (-20,  O’Nions,  1987).  In  contrast, 
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PCA  using  Clinopyroxene  and  Garnet  Majors  and  Traces 


Newlands  Eclogites 


Diamond-bearing  harzburgitic  garnets  from  Newlands 


Figure  1  (a)  Various  Eclogitic  groups  identified  using  Principal  Component  Analysis. 

(b)  REE  patterns  for  clinopyroxenes  from  Newlands  eclogites. 

(c)  REE  patterns  for  garnets  from  Newlands  eclogites. 

(d)  REE  patterns  for  various  diamond-bearing  harzburgitic  garnets  from  Newlands. 


the  diamond-bearing  eclogites  plot  along  an  array  several  orders  of  magnitude  higher,  and  has  been 
observed  in  diamond-bearing  eclogites  (Snyder  et  al.,  1997)  and  diamond  inclusions  (Sobolev  et  al., 
1996)  from  Yakutia.  They  interpret  this  enrichment  event  as  ancient  metasomatism  from  a 
carbonitite  magma  or  fluid  that  pre-dates  diamond  formation.  The  diamond-bearing  eclogitic 
xenoliths  from  Newlands  are  3.56  Ga  (using  Re-Os,  see  Menzies  et  al,  this  volume)  and  therefore 
these  signatures  may  be  related  to  early  Archaean  events  and  stabilisation  of  the  continental 
lithosphere. 


Peridotites: 

The  diamond-bearing  garnets  are  high-Cr  subcalcic  GlO’s  which  overlap  the  world-wide  peridotitic 
diamond  inclusion  field.  Garnets  from  two  diamond-bearing  Iherzolites  were  also  analysed.  The 
garnets  are  high  Cr  and  plot  at  the  transect  of  the  Newlands  lherzolitic  trend  and  the  high-Cr 
subcalcic  trend  (Menzies,  1998). 

The  ten  diamond-bearing  harzburgitic  garnets  and  two  diamond-bearing  lherzolitic  garnets  analysed 
display  the  “classic”  sinusodal  LREE  enriched  pattern  (figure  Id)  first  observed  in  diamond 
inclusions  and  garnet  concentrates  by  Shimizu  and  Richardson  (1987).  The  garnets  show  no 
significant  internal  zonation,  as  observed  in  diamond  inclusions  from  Siberia  (Shimizu  and 
Sobolev,  1995).  The  shape  of  the  REE  patterns  are  all  very  similar  and  [REE]n  vary  within  one 
order  of  magnitude  between  samples  (see  figure  Id).  However  there  are  subtle  differences.  All  the 
diamond-bearing  harzburgitic  garnets  have  a  LREE  peak  at  [Pr]n  or  [Nd]n  and  display  a  prominent 


574 


[Gd]n  “kick”  with  HREE  either  remaining  flat  or  increasing  slightly.  In  contrast,  the  two  lherzolite 
specimens,  which  contain  diamond  and  graphite  respectively,  have  the  LREE  enrichment  peak  at 
[Sm]n  and  have  a  smooth  decreasing  MREE  pattern.  Also,  the  diamond-bearing  harzburgite  garnets 
can  be  divided  into  two  groups  on  the  basis  of  LREE  enrichment,  namely  those  with  [Pr]n  and  [Nd]n 
above  or  below  10  (see  figure  2).  The  signatures  identified  are  similar  to  those  observed  elsewhere, 
for  example  in  Russia  (Shimizu  and  Sobolev,  1996)  and  southern  Africa  (Nixon,  1987;  Shimizu  and 
Richardson,  1987).  The  harzburgitic  garnets  are  also  enriched  in  Sr  and  depleted  in  Y,  Ti,  Zr  and 
Ga  relative  to  lherzolitic  garnets  at  Newlands  (Menzies  et  al.,  1996).  This  signature  has  been  noted 
elsewhere  for  garnet  inclusions  in  diamonds  from  the  Kaapvaal  and  Siberian  cratons  (Griffin  et.  al., 
1992,  1993). 

The  similarity  between  harzburgitic  garnets  in  diamond-bearing  macrocrysts  from  Newlands  and 
diamond  inclusions  from  other  studies  suggests  that  both  may  record  information  about  original 
equilibrium  formation  conditions.  Peridotites  from  Newlands,  including  the  diamond-bearing 
macrocrysts,  are  mid-  to  late-  Archaean  in  age  (Menzies  et  al.,  1998).  FTIR  studies  on  the 
Newlands  peridotitic  diamonds  (Menzies  et  al.,  this  volume)  are  consistent  with  diamond  ages 
similar  to  these  peridotite  ages.  These  observations  support  the  Archaean  diamond  ages  based  on 
isotope  modelling  proposed  by  Richardson  et  al.  (1984). 
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The  Newlands  kimberlite  cluster  is  a  member  of  the  Barkly  West  group  located  NW  of  Kimberley, 
South  Africa.  The  Newlands  kimberlite  is  Cretaceous  in  age  (-114  Ma:  Smith  et  al.,  1985)  and  is 
of  Group  II  affinity.  Spectra  were  obtained  for  over  300  diamonds  (or  fragments  thereof);  42  from 
15  harzburgites,  5  from  4  lherzolites,  55  from  18  eclogites,  and  approximately  200  run-of-mine 
diamonds  of  unknown  paragenesis.  Menzies  (1998)  and  Gurney  and  Menzies  (1998)  describe  the 
diamond-bearing  xenoliths  in  detail.  Multiple  spectra  were  taken  of  xenolith  diamonds  as  the 
crystals  were  whole  or  fragments  and  not  cut  into  plates. 

Diamond-bearing  Eclogites:  Each  of  the  xenoliths  contained  several  diamonds,  some  more 

than  ten.  The  diamonds  display  a  variety  of  morphologies,  ranging  from  cubic  to  octahedral  to 
dodecahedral,  and  include  aggregates.  They  also  range  in  colour  from  colourless  through  off  white 
to  grey/yellow.  Many  of  the  eclogitic  diamonds  contain  black  inclusions  of  what  appears  to  be 
graphite  or  sulphides  as  small  grains  or  clouds. 

Diamond-bearing  Peridotites:  The  diamonds,  in  general,  show  two  associations.  Firstly  they 

occur  as  small  (<2  mm)  colourless  octahedra.  These  are  equidimensional,  sharp  edged  and  show 
little  resorption.  Triangular  plates  and  serrate  laminae  are  the  predominant  growth  feature.  A  few 
contain  multiple  inclusions  of  chromite  and  occasionally  garnet,  with  one  sample  containing  both 
together.  Secondly,  they  occur  as  fine-grained  diamond  aggregates,  which  are  generally  colourless, 
although  some  are  frosted.  Again,  they  appear  to  show  little  resorption  with  similar  growth  features 
to  the  first  group. 

The  diamonds  from  all  three  parageneses  (eclogitic,  harzburgitic  and  lherzolitic)  that  contain 
detectable  levels  of  nitrogen,  without  exception,  have  low  aggregation  IaAB  spectra.  The 
aggregation  state  of  nitrogen  ranges  from  almost  pure  Type  IaA  to  levels  of  up  to  20%  B 
aggregates.  There  appears  to  be  no  significant  difference  between  the  range  of  aggregation  states  of 
the  various  diamond  parageneses.  There  are,  however,  significant  differences  in  nitrogen 
concentration.  Harzburgitic  diamonds  are  distinctly  lower  in  nitrogen  concentration  and  platelet 
peak  position.  Nearly  half  of  the  harzburgitic  diamonds  are  Type  II  or  near  Type  II,  the  rest  range 
up  to  600  at.  ppm  N2  with  platelet  peaks  generally  lower  than  1369  cm*1.  In  contrast,  all  the 
eclogitic  diamonds  contain  appreciable  amounts  of  nitrogen,  commonly  in  excess  of  800  at.  ppm 
and  have  platelet  peaks  up  to  1378  cm*1.  Approximately  1  %  of  eclogitic  and  harzburgitic 
diamonds  overlap  on  the  basis  of  nitrogen  concentration  and  platelet  peak  position  (see  figure  1). 
However,  these  diamonds  are  statistical  outliers  with  regards  to  their  paragenesis.  It  is  particularly 
noteworthy  that  lherzolitic  diamonds  fall  into  this  “boundary  zone”,  however  the  data  set  is  too 
small  to  draw  any  definitive  conclusions.  Consequently,  any  diamond  containing  less  than  200  ppm 
can  be  confidently  ascribed  to  the  harzburgitic  paragenesis.  Comparison  with  over  200  run-of-mine 
diamonds  indicates  that  approximately  75  %  of  diamonds  from  Newlands  are  eclogitic  on  the  basis 
of  nitrogen  concentration. 

FTIR  spectra  can  provide  a  quantitative  time-temperature  window  for  a  diamond  or  suite  of 
diamonds  (as  long  as  certain  assumptions  are  satisfied).  Nitrogen  aggregation  is  dependant  on  both 
time  and  temperature,  and  consequently  it  can  be  used  to  calculate  either  diamond  ages  (using  pre- 
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determined  mantle  residence  temperatures)  or  calculate  diamond  time  averaged  mantle  temperatures 
(using  pre-determined  ages) 


Newlands  Diamonds 


N  (ppm) 

Figure  1  Platelet  peak  position  versus  nitrogen  concentration  for  different  diamond  parageneses. 

Rhenium-osmium  ages  for  these  diamond-bearing  xenoliths  are  mid  to  late  Archaean  (Menzies  et 
al.,  1998).  This  corresponds  to  time  average  mantle  residence  temperatures  of  between  1060  and 
1100  °C  for  eclogitic  diamonds  and  in  excess  of  1 100  °C  for  harzburgitic  diamonds.  The  eclogite 
diamond  temperatures  overlap  calculated  equilibrium  temperatures  for  the  xenoliths  (see  Menzies, 
1998).  Cathodoluminesence  indicates  that  all  the  eclogitic  diamonds  have  at  least  two  growth 
periods  (see  figure  2  a-b).  It  is  likely  that  each  growth  period  has  different  nitrogen  concentration 
and  aggregation  states  which  would  explain  the  spread  in  FTIR  calculated  temperatures.  The 
maximum  temperature  would  reflect  the  temperature  for  the  first  growth  phase  and  the  minimum 
temperature  for  the  second  growth  phase.  The  similarity  of  the  ambient  xenolith  temperatures  and 
diamond  time  averaged  temperatures  suggests  a  relatively  stable  thermal  history  for  the  eclogites 
and  their  diamonds.  In  contrast,  the  harzburgitic  diamonds  have  time  average  temperatures  greater 
than  ambient  xenolith  temperatures.  Whilst,  it  is  difficult  to  determine  the  temperatures  accurately 
due  to  the  low  nitrogen  concentration  and  aggregation  state,  it  is  suggested  that  the  harzburgites 
have  cooled  since  formation  in  the  Archaean  by  more  than  100  °C. 

Geothermometry  on  xenolith  minerals  (see  Menzies,  1 998)  has  constrained  ambient  temperatures  to 
-1050  to  1100  °C  for  diamond-bearing  eclogites  and  from  -1000  to  1100  °C  for  diamond-bearing 
peridotites.  It  should  be  noted  that  small  fluctuations  in  temperatures  can  cause  significant  changes 
in  age  estimates.  The  accuracy  of  current  geothermometers  applied  to  mantle  rocks  is  normally  30 
to  50  °C  at  best,  and  thus,  nitrogen  aggregation  ages  are  only  diagnostic  on  a  geologic  time  scale.  If 
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the  harzburgitic  xenoliths  had  experienced  temperatures  in  the  -1000  to  1 100  °C  range  throughout 
their  history  then  to  achieve  the  level  of  nitrogen  aggregation  observed  in  their  diamonds,  their  age 
must  be  older  than  the  Earth.  Two  possibilities  exist  to  explain  this  paradox,  either  the  xenoliths 
have  experienced  higher  temperatures  than  those  just  prior  to  entrainment  in  the  kimberlite,  or  the 
diamonds  experienced  some  form  of  stress  or  strain  which  lowered  the  nitrogen  activation  energies 
and  thus  increased  the  aggregation  rate.  Applying  various  isochrons  reveals  that  the  time-averaged 
temperatures  are  approximately  1 150  °C  over  the  billion  year  time  period,  1200  °C  for  hundreds  of 
millions  of  years,  and  in  excess  of  1250  °C  for  millions  of  years. 

The  FTIR  study  of  Newlands  diamonds  combined  with  xenolith  geothermobarometry  and  Re-Os 
xenolith  ages  is  consistent  with  diamond  formation  in  the  Archaean  for  both  eclogitic  and 
peridotitic  parageneses.  The  possibility  of  being  able  to  correctly  classify  diamonds  based  on  their 
FTIR  spectra  could  prove  invaluable,  particularly  in  the  study  of  diamond  inclusions.  It  is  now 
possible  to  analyse  sulphide  inclusions  for  Re-Os  and  thus  constrain  the  age  of  individual  diamonds. 
However,  sulphides  occur  in  both  eclogitic  and  peridotitic  diamonds  and  there  are  problems  in 
assigning  them  to  the  correct  paragenesis  without  independent  information.  Therefore,  the  non¬ 
destructive  technique  of  FTIR  spectroscopy  may  allow  the  study  of  a  greater  range  of  inclusions 
from  Newlands  to  define  various  mineral  inclusions  with  diamond  parageneses. 


Figure  2  Cathodoluminesence  images  of  eclogitic  diamonds.  Note  the  multiple  growth  phases,  (a)  Sample 

AHM  K12a  (b)  AHM  K14c 
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This  study  reports  the  first  rhenium  and  osmium  whole  rock  isotope  data  for  both  diamondiferous 
eclogites  and  peridotites  from  the  Kaapvaal  craton.  A  number  of  non  diamondiferous  peridotites 
from  Newlands  were  also  analysed  for  comparison. 

The  Newlands  kimberlite  cluster  is  a  member  of  the  Barkly  West  group  located  NW  of  Kimberley, 
South  Africa.  It  is  of  Group  II  affinity  and  dated  at  -114  Ma  (Smith  et  ah,  1985).  Newlands 
consists  of  a  series  of  en-echelon  kimberlitic  dykes  of  which  there  are  at  least  5  kimberlitic  blows  to 
the  surface.  All  the  xenoliths  were  recovered  from  blow  2  and  are  described  in  detail  by  Menzies 
(1998)  and  Gurney  and  Menzies  (1998). 

The  diamondiferous  eclogites  are  2-6  cm  in  their  longest  dimension,  coarse  grained  with  modal 
proportions  of  garnet  to  clinopyroxene  ranging  from  60:40  to  30:70.  These  estimates  are  imprecise 
due  to  the  small  sample  size  (20-50g)  and  large  grain  size  (up  to  1  cm).  Trace  phases  include 
sulphide  aggregates  and  rutile  with  in-filling  kimberlitic  minerals.  The  presence  of  kyanite  or 
corundum  has  not  been  noticed  in  these  specimens  but  has  been  recorded  in  other  studies  of 
diamond-bearing  samples  from  Newlands  (Ringwood,  1969).  Both  garnet  and  clinopyroxene 
display  a  lack  of  zonation,  and,  with  the  exception  of  one  sample,  have  a  remarkably  consistent 
major  element  composition.  The  garnets  are  enriched  in  FeO  (-21  wt%)  and  depleted  in  MgO 
(-11.5  wt%)  relative  to  various  other  non-diamondiferous  eclogitic  suites  from  Newlands.  The 
garnets  also  display  high  NaiO  contents  of  0.08  to  0.14  wt%,  common  for  eclogitic  diamond 
inclusions  from  around  the  world.  Clinopyroxene  is  MgO  poor  (-11  wt%)  and  Na20  rich  (-4.6 
wt%)  relative  to  other  samples,  with  K2O  contents  of  0.13  to  0.17  wt%.  The  major  element 
chemistry  is  equivalent  to  Group  I  eclogites  as  defined  by  McCandless  and  Gurney  (1989). 

The  diamondiferous  peridotites  are  1  to  3  cm  in  diameter  and  predominantly  composed  of  large 
garnet  crystals.  The  primary  mineralogy  consists  of  "lilac"  garnet  with  diamond  ±  chromite, 
sulphide  and  altered  silicates.  On  the  basis  of  garnet  geochemistry  the  majority  of  the  samples  are 
harzburgites.  The  garnets  and  chromites  are  characterised  by  a  lack  of  inter-  and  intra-grain 
zonation.  The  composition  of  the  garnets  are  highly  pyropic,  sub-calcic  (CaO:  1.6  to  3  wt%)  and 
chrome  rich  (Cr203:  8  to  10.5  wt%).  Titanium  is  below  EMP  detection  limits  for  the  sub-calcic 
garnets.  The  remainder  are  calcic  and  plot  on  the  lherzolitic  trend.  Primary  chromites  are  chrome 
and  magnesium  rich  (Cr  -63  %,  MgO  -15  %,  CCA  >  0.75)  and  titanium  depleted.  The  sub-calcic 
garnets  and  chromites  are  fall  within  the  world- wide  peridotitic  diamond  inclusion  fields. 

For  this  study  rhenium  and  osmium  isotopes  were  determined  on  whole  rock  samples.  The  Re-Os 
methods  used  in  this  study  have  been  described  elsewhere  in  detail  (see  Pearson  et  al.,  1995;  Shirey 
and  Walker,  1995;  and  Shirey,  1997).  To  avoid  possible  contamination  all  crushing  was  done  using 
alumina  ceramics.  Samples  were  digested,  equilibrated  and  distilled  using  the  carius  tube  procedure 
of  Shirey  and  Walker  (1995). 
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Diamond-bearing  Eclogites:  Osmium  whole  rock  contents  vary  from  0.25  to  0.55  ppb,  with 

rhenium  contents  varying  from  0.04  to  1.34  ppb.  Osmium  isotope  values  are  highly  radiogenic 
(1870s/1880s  range  from  0.15794  to  1.48774)  while  187Re/1880s  range  from  0.54  to  26.21.  These 
rhenium-osmium  isotope  values  overlap  the  diamond-bearing  eclogites  from  the  Siberian  craton 
(Pearson  et  al.,  1996),  but  do  not  extend  to  his  extremely  high  values.  Model  ages  and  an  isochron 
age  for  the  diamond-bearing  samples  indicate  mid-Archaean  formation.  Osmium  isotope  evolution 
trajectories  converge  between  3  and  4  Ga  (see  figure  la)  with  the  majority  intersecting  the 
chondritic  evolution  curve  between  3.5  and  4.5  Ga.  The  isochron  has  a  slope  corresponding  to  an 
age  of  3.56  ±  0.60  Ga  (see  figure  lb).  This  age  is  within  error  of  diamond-bearing  eclogites  from 
Siberia  (2.90  ±  0.38:  Pearson  et  al.,  1995).  Some  of  the  model  ages  are  older  than  the  age  of  the 
Earth  indicative  of  a  multistage  evolution  for  the  Re-Os  system  in  these  samples.  Combined  with 
the  similar  geochemical  compositions  of  the  garnet  and  clinopyroxene  and  oxygen  isotope  values 
(on  the  garnet  and  clinopyroxene)  and  carbon  isotope  values  (on  the  diamonds)  deviating  from 
mantle  (Menzies,  1998)  it  is  likely  that  the  diamondiferous  eclogites  are  the^  product  of  at  least  a 
two-stage  process.  The  osmium  contents  are  unusually  high  and  the  187Re/188Os  is  very  low  for 
these  eclogites  to  be  metamorphosed  MORE  where  Os  is  generally  less  than  10  ppt  and  187Re/1880s 
can  be  extremely  high.  The  only  magmas  analysed  with  Os  contents  at  the  high  end  of  the 
Newlands  eclogite  range  are  cumulates  or  komatiites.  Sample  AHM  K8  displays  garnet  and 
clinopyroxene  major  and  trace  element  signatures  distinctly  different  from  the  other  specimens  and 
consequently  has  been  removed  from  the  isochron  determination. 

Diamond-bearing  Peridotites:  Both  diamond-bearing  and  non  diamond-bearing  peridotites 

display  similar  rhenium-osmium  isotope  systematics.  Osmium  whole  rock  contents  vary  from  1 .2 
to  11.1  ppb  with  no  apparent  relationship  to  other  indicators  of  degree  of  melt  depletion.  Rhenium 
contents  are  very  low,  ranging  from  0.0065  to  0.1 121  ppb.  Os  isotopic  compositions  are  extremely 
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unradiogenic,  with  1870s/1880s  values  as  low  as  0.1057.  Model  ages  can  be  calculated  in  two  ways; 
firstly  using  the  conventional  isotope  approach  (Tbe)  or,  secondly,  assuming  no  Re  in  the  sample 
prior  to  kimberlite  eruption  and  thus  calculating  a  minimum  model  age  (Trd)  relative  to  the 
convecting  mantle  by  assuming  that  the  Re/  Os  is  zero.  In  the  case  of  Newlands  there  is  very 
little  difference  between  Tbe  and  Trd  as  the  l87Re/1880s  is  extremely  low  (commonly  less  than 
0.05).  Both  models  yield  late-  to  mid-Archaean  ages  (2.7  to  3.3  Ga)  for  both  diamond-  and  non 
diamond-  bearing  peridotites  (see  figure  lc-d).  These  ages  are  similar  to  the  majority  of  other 
Kaapvaal  non-diamondiferous  peridotites  (Pearson  et  al.,  1995). 

The  Archaean  ages  for  both  the  diamond-bearing  eclogites  and  peridotites  overlap  the  major  crustal 
building  and  craton  stabilisation  period  of  the  Kaapvaal  craton  (de  Wit  et  al.,  1992).  This  implies 
that  the  formation  of  the  cratonic  keel  was  coeval  and  was  thick  enough  to  enter  into  the  diamond 
stability  field,  approximately  130  km  beneath  Newlands.  The  favoured  hypothesis  for  the  origin  of 
the  diamond-bearing  eclogites  is  via  subduction.  This  implies  that  plate  tectonics  similar  to  the 
present  were  active  at  least  3.56  Ga  ago.  Fourier  transform  infra-red  (FTIR)  data  on  the  diamonds 
extracted  from  these  xenoliths  is  consistent  with  these  model  ages  (see  Menzies  et  al,  1998). 
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Western  East  European  Platform  is  presently  outlined  as  a  major  diamondiferus  subprovince  with 
predicted  repeated  shows  of  kimberlite  magmatism. 

The  subprovince  geographically  comprises  Leningrad,  Pskov,  Novgorod  oblasts  of  Russia,  as 
well  as  Latvia  and,  possibly,  Estonia.  Extensive  distribution  of  diamond  accessory  minerals  at 
different  stratigraphic  levels  of  the  geological  section  is  recorded  within  this  territory.  In  some  areas, 
contrasting  dispersion  haloes  of  diamond  accessory  minerals  are  distinguished.  Typomorphism  and 
typochemistry  of  minerals  in  haloes  point  to  a  relative  proximity  of  potentially  diamondiferous 
bedrock  sources  of  minerals. There  are  diamond  occurrences  in  modem  alluvium  of  the  region. 

The  subprovince  is  tectonically  confined  to  the  junction  zone  of  the  Baltic  Monocline  with  the 
Moscow  Syneclise,  Latvian  Trough  and  Latvian  Saddle.  The  study  area  is  underlain  by  the 
Cambrian,  Ordovician,  Devonian  and  Carboniferous  deposits,  gently  dipping,  south-eastwards. 
Differend  glacial,  alluvial,  lacuctrine  and  other  Cenozoic  deposits  occur  on  the  eroded,  surface  of 
these  formations. 

In  Russia,  within  the  western  Leningrad  and  Pskov  oblasts,  extensive  occurence  of  diamond 
accessory  minerals  is  recorded  in  the  Devonian  and  modem  alluvial  deposits.  On  the  Mga  River,  in 
its  middle  course,  a  diamond  crystal  is  recorded  in  alluvial  deposits.  In  the  Devonian  deposits  the 
contents  of  accessory  minerals  range  from  single  units  to  10  units  per  20  litres  of  heave  concentrate 
sample.  Against  this  background,  in  certain  areas,  contrasting  dispersion  haloes  of  minerals  are 
distinguishead  with  stable  contents  ranging  from  20-25  to  60  units.  Minerals  are  represented  by 
pyrope,  picroilmenite,  chrome-diopside  and  chrome-  spinellid.  Grain  size  varies  between  -2+1  and  - 
0,25  mm.  The  predominant  grain  size  class  is  -0,5+0,25  mm  which  is  due  to  grain  sizing  of  the 
enclosing  Devonian  sands  and  sandstones.  Pyrope  is  the  most  widespreade  mineral,  accounting  for 
78  %  of  the  total  number  of  grains;  it  is  followed  by  picroilmenite  (16  %),  chrome-diopside  and 
chrome-spinellids  (6  %).  Study  of  the  chemical  composition  of  minerals  showed  that  kimberlites 
were  their  source.  The  chemical  composition  of  pyropes  points  to  diamond  presence  in  bedrock 
sources  ((>203  -5,59-11,72  mass  %;  CaO  -2,61-3,53  mass  %).  Accessory  minerals  bear  traces  of 
hypergene  dissolution  in  the  weathering  crust  which  makes  determination  of  the  wear  degree  of 
initial  magmatogenic  surface  difficult.  Nevertheless,  for  certain  grains  the  wear  degree  of  initial 
surface  can  be  established  :  the  prevailing  class  of  wear  is  class  III;  however,  there  are  also  grains  of 
the  II  class.  It  should  be  particularly  emphasized  that  grains  -2+1  mm  in  size  occur  among 
picroilmenites.  Minerlogical  composition  of  the  revealed  dispersion  haloes  of  accessory  minerals, 
presence  of  large  picroilmenite  grains,  presence  of  chrome-diopside  point  to  kimberlite  magmatism 
shows  in  the  region.  The  chemical  composition  of  pyropes  enables  to  predict  diamond  presence  in 
bedrock  sources.  Geolgical  age  of  the  predicted  diamond  deposits  is  the  end  of  the  Middle  - 
begining  of  the  Late  Devonian,  since  accessory  minerals  concentrate  in  basal  deposits  of  the  Late 
Devonian. 

In  the  study  area  there  are  reliable  data  on  shows  of  a  younger  kimberlite  magmatism  of  Late 
Devonian-Early  Carboniferous  age.  In  the  western  Novgorod  Oblasts,  pyropes  and  picroilmenites 
are  recorded  in  basal  horizons  of  Earli  Carboniferous.  In  the  same  area,  in  a  relative  proximity,  the 
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alluvial  deposits  contain  the  entire  range  of  kimberlite  minerals,  including  diamonds,  pyropes, 
picroilmenites,  chrome-diopsides,  chrome-spinellids.  Here  5  crystals  of  small  diamonds  were  found. 
The  most  significant  result  of  heavy  concentrate-mineralogical  sampling  is  the  discovery  of  rather 
large  (  grain  size  class  of  -4  +2  mm  and  -1+0,5  mm)  non-wom  pyrope  grains  in  modem  alluvium. 
Four  grains  are  represented  by  oxygonal  fragments  of  initial  magmatogenic  finely-shagreen  surface, 
one  grain  is  absolutely  complete,  oval,  its  entire  surface  is  covered  by  magmatogenic  shagreen. 
There  are  no  indications  of  mechanical  wear  and  hypergene  alterations  on  the  grain  surface.  Besides, 
kelyphitic  rim  relics  are  recorded  on  the  magmatogenic  surface  of  one  of  the  grains.  The 
composition  of  kelyphitic  rim  is  determined  using  microprobe  analyser.  The  chemical  composition 
of  pyropes  (  0*2  O3  -  6,51-12,08  mass%  ;  CaO  -  5,03-7,26  mass%  )  points  to  belonging  to  dumte- 
harzburgite  and  high-chrome  lherzolite  paragenetic  associations,  characteristic  of  diamondoferous 
kimberlites. 

The  occurrence  of  non-wom  pyrope,  chrome-diopside  and  picroilmenite  in  alluvium  points  to 
the  immediate  proximity  (the  first  kilometres)  of  the  initial  bedrock  sources.  The  chemical 
composition  of  pyropes  and  diamond  occurrences  are  indicative  of  diamond  presence  in  kimberlites 
(Mikhailov,  Semenova  and  Sukholinsky-Mestechkin,  1996). 

In  terms  of  evaluating  potential  diamond  presence  in  the  region  it  is  essential  that  injections  of 
alkaline-ultrabasic  magmatic  material  were  discovered  in  the  Upper  Devonian  deposits. 
Comprehensive  petrographic,  x-ray  and  x-ray  spectrographic  studies  of  borehole  core  enabled  to 
reveal  tuffisite  (  intmsive  tuff)  bodies.  Intrusion  of  the  latter  proceedeed  under  a  near-surface 
environment  and  resulted  in  generation  of  peculiar  breccias  cemented  by  magmatic  material  in  the 
red  Devonian  marls  and  clayey-carbonate  roks.  Time  of  intrusion  of  tuffisites  is  the  Late  Devonian- 
Early  Carboniferous. 

In  Latvia,  diamond  accessory  minerals  were  recorded  by  the  Latvian  geologist  in  modem 
alluvium  and  Upper  Devonian  deposits  within  Kurzeme  Peninsula  (Sorokin,  Krivopalov  and  all, 
1992).  Pyropes,  olivines,  high-chrome  chrome-spinellids  and  single  picroilmenite  grains  are 
discovered  in  alluvium.  Mineral  concentration  reaches  tens  of  units  in  a  20-litre  sample.  In  the 
Famenian  (Upper  Devonian),  pyropes  occur  in  high  concentrations  along  with  the  presence  of 
slightly  rounded  grains. 

Therefore,  shows  of  basitic  magmatism  in  the  region,  diamond  occurrences,  presence  of  non- 
wom  accessory  minerals,  high  concentration  of  minerals,  their  chemical  composition  point  to 
potentials  of  the  western  East  European  Platform  in  terms  of  discovering  diamond  deposits. 
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The  few  works  which  concern  the  energy  of  kimberlite  magmatism  conventionally  consider  the 
endogenic  processes  in  the  Earth's  interiors  as  the  reasons  of  kimberlite  melts  formation 
(gravitational  differentiation,  chemical  and  phase  transitions  of  the  substance  in  the  core  and  mantle, 
radiogenic  heating  of  mantle,  decompression  in  the  deep  fault  zones,  etc,).  Different  researchers 
associate  the  formation  of  the  subvertical  channels  of  the  diatrems  and  extrusions  of  deep  substance 
on  the  surface  with  large  extra-pressures  of  magma  which  intrudes  the  above-lying  units  from  the 
depth  of  1-2  km,  explosion-like  release  of  volatiles  from  kimberlitic  melts  due  to  reducing  of 
lithostatic  pressure  of  the  top  at  near-surface  layers  as  well  as  explosions  of  oil-gas  mixtures  near 
the  contact  between  sedimentary  cover  and  platform  basement. 

It  should  be  noted  that  presented  considerations  are  in  rather  poor  agreement  with  geological  data. 
At  the  first  stages  of  the  planet  evolution  the  gravitational  differentiation  and  phase  transitions  of 
the  substance  beneath  the  crust  apparently  made  a  noticeable  contribution  to  the  energy,  however, 
had  one-directional  extincting  character.  Therefore,  the  presumption  of  genetic  link  existed  between 
such  processes  and  repeated  kimberlite  magmatism  activization  for  the  period  of  near  3.5  bil.y.  is 
unsound.  Essential  heating  of  upper  mantle  substance  at  the  expense  of  radioactive  elements 
decomposition  could  not  occur  due  to  their  absence  in  the  mantle  substrate.  Hypotheses  for 
kimberlite  magma  generation  under  decompression  in  the  deep  fault  zones  is  not  more 
substantiated.  Mineralogical,  petrological  and  experimental  data  testify  to  kimberlite  melts  initiation 
at  the  pressures  of  tens  kbar  which  correspond  to  the  depths  of  several  hundreds  km.  However,  the 
faults  penetration  up  to  the  depths  of  hundreds  km,  including  through  the  asthenosphere  layer  where 
substrate  occurs  in  semi-ductile  conditions  seems  completely  improbable.  The  possible  formation  of 
subvertical  diatrem  channels  (pipes)  and  "fontane-like"  eruption  of  the  mantle  substance  through 
them  onto  surface  after  magma  being  at  high  pressure  reaches  the  depth  of  1-2  km  seems  very 
questionnable. 

The  major  objection  against  kimberlite  diatrem  formation  under  the  influence  of  uprising  magma 
pressure  and  explosion-like  extrusion  of  the  deep  substance  on  the  surface  consists  not  so  much  in 
doubts  on  extremely  high  (more  than  6.5  kbar)  extra-pressures  of  kimberlite  melts  which  are 
necessary  to  break  the  top  of  1-2  km  thick  (Milashev,  1972)  as  in  incompatibility  between  diatrem 
morphology  and  typical  craters. 

Complicated  evolutionary  processes  differing  in  energy  obviously  occured  in  kimberlite  magmas  in 
the  interval  since  the  heating  of  upper  manle  substrate  and  appearance  in  it  of  first  portions  of 
kimberlite  melt  till  their  extrusion  on  the  surface  through  the  pipe  channels  of  diatrems  on  their 
way  from  subcrustal  depths  to  near-surface  horizons  of  the  Earth's  crust.  In  the  context  of 
geological  history  and  energy  every  epoch  of  kimberlite  magmatism  can  be  subdivided  into  5  main 
periods: 

1.  Heating  and  deconsolidation  of  the  mantle  substrate  with  its  subsequent  floating  up  as  giant 
plumes  which  are  spread  out  in  mushroom-like  shape  at  the  Earth's  crust  base.  The  final  shape  of 
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mobilized  substrate  block  could  be  the  lense  with  shape  and  dimensions  corresponding  in  plan  to 
territories  of  kimberlte  provinces.  The  areas  of  the  largest  ones  reach  2  mln.sq.km.  The  volumes  of 
substance  captured  by  convective  currents  reached  tens  mln.cub.km  and  transverse  dimensions  of 
upwelling  currents  are  comparable  in  area  with  internal  zones  of  kimberlite  provinces  which 
account  for  first  hundreds  km  (Milashev,  1972,  1974,  1990).  The  probable  reasons  of  regional 
heating  of  the  upper  mantle  are  discussed  in  the  final  part  of  the  report. 

2.  The  beginning  of  the  second  part  of  kimberlite  formation  epoch  is  associated  with  appearance  in 
uprising  mantle  plume  of  kimberlite  magma  chambers.  When  the  chambers  reached  the  critical 
volume  they  acquired  the  ability  of  autonomous  radial  motions  in  accordance  with  the  zonal 
melting  mechanism.  Kimberlite  melts  initiated  in  upwelling  convective  currents  of  the  heated 
substrate  at  the  depth  where  the  temperature  of  composing  it  peridotites  appeared  to  be  equal  to 
their  melting  temperature  at  correspondent  lithostatic  pressure.  Specific  melting  heat  of  silicates 
exceeds  their  heating  capacity  by  hundreds  times  therefore  the  complete  melting  of  mobilized 
substrate  was  impossible  even  when  it  reached  the  Earth's  crust  base  where  the  pressure  does  not 
exceed  15  kbar.  This  limited  the  number  and  total  volume  of  magmatic  chambers  arising  in 
convective  current,  which  accumulated  the  heat  from  the  host  rocks  and  finally  became 
concentrators  of  heat  energy  carried  away  from  the  depths.  According  to  the  estimations  performed 
the  minimum  (critical)  volume  of  magmatic  chambers  when  autonomous  movement  of  kimberlite 
magma  according  to  zonal  melting  mechanism  became  possible  accounts  for  some  0.25  cub.km. 
Distinctions  in  melting  substate  composition  and  cryslallized  magma  caused  the  exothermal 
character  of  the  reaction  (near  29  kJ/cub.dm)  that  resulted  in  steady  increase  in  magma  volume  and 
accumulation  in  it  of  heat  energy  (Milashev,  1994). 

3.  When  kimberlite  magmas  reached  the  increased  permeability  zones  in  the  lithosphere  the  new 
(plutonic)  stage  in  their  evolution  began.  It  differed  sufficiently  from  previous  (intratelluric)  one  in 
energy  and  other  characteristics.  The  uprising  along  the  weakened  lithospheric  zones  among 
relatively  cold  rocks  was  accompanied  by  decrease  in  heat  reserves  at  magma  volume  maintenance 
(together  with  porphyric  crystalls)  and  temperature  remaining  at  the  optimum  level  owing  to  partial 
crystallization  which  provides  necessary  heat  energy  release. 

4.  Rising  along  the  weakened  zones  the  kimberlite  melts  reached  the  upper  layers  of  the  Earth's 
crust  where  hypabissal  stage  of  their  evolution  proceeded.  Mineralogical  and  petrological  data 
definitely  suggest  that  the  boundary  between  plutonic  and  hypabissal  stage  was  characterized  by  the 
relative  overheating  of  the  magma  which  caused  the  partial  melting  of  all  earlier  crystallized 
porphyric  inclusions.  Melting  was  caused  not  by  heating  but  by  the  fact  that  at  pressure  drop  as 
magma  rising  the  temperature  of  crystallization-melting  of  minerals  decreased  faster  than  melt 
temperature. 

5.  Explosive  stage  included  the  processes  of  formation  and  filling  of  diatrems.  In  complicated- 
structured  bodies  it  was  composed  of  several  repeated  stages,  each  consisting  in  break  of  the  top  and 
filling  of  the  channel  formed  by  kimberlite  melt  which  cemented  the  fragments  of  the  intruded 
rocks.  The  formation  of  diatrems  occured  due  to  heat  resources  of  kimberlite  melts  but  with  gases 
predominantly  served  as  operating  bodies.  The  leading  role  belong  to  water  vapors  initiated  on  the 
contact  of  magma  with  underground  waters.  The  leading  mechanism  of  this  process  was  release  of 
strongly  compressed  and  heated  gases  which  execute  thermo-mechanical  abrasion  of  the  units 
intruded  and  gradual  transformation  (development)  of  fractured  channel  to  pipe-like  one  (Milashev, 
1984,  1988).  Taking  into  account  large  unproductive  energy  losses  (90-99%)  the  energy  n  (10  ^  - 
10  16)  j  is  required  to  develop  the  medium-size  kimberlite  pipe.  This  work  is  done  at  adiabatic 
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widening  of  n  (lO^-lO?)  t  of  water  vapor  initiating  on  the  contact  with  n  (lO^-lO^)  cub.m  of 
ultrabasic  melt  which  rises  from  the  depth  of  2  km  to  Earth's  surface.  The  acquired  volume  of 
magmatic  melt  which  can  provide  the  energy  of  the  process  is  one  order  less  or  approaches  the 
volume  of  medium  kimberlite  pipe  (5.05  xlO^  cub.m)  .  In  these  terms  the  evaluation  conducted  do 
not  face  principal  objections. 

In  such  a  manner  the  convective  currents  of  upper  mantle  heated  substrate  not  only  initiate  the 
kimberlite  magma  but  also  provide  these  melts  with  heat  energy  which  is  sufficient  for  their  further 
evolution.  If  so,  than  both  mantle  plumes  and  kimberlite  magmatism  were  finally  the  derivatives  of 
the  unified  energy  impulse. 

Analysis  of  genetic  relations  and  radiologic  datings  of  kimberlites,  permanently  presenting 
completely  crystalline  ultramafites  nodules  ("related  inclusions")  and  diamonds  allows  to  conclude 
that  17  stages  of  kimberlite  magmatism  occured  within  the  interval  from  3300  to  20  Ma  (Milashev, 
1994,  1996).  The  identical  and  rather  close  age  values  which  conform  to  the  major  stages  of 
kimberlite  intrusions,  crystallization  of  nodules  and  diamonds,  are  observed  not  only  within  single 
provinces  and  continents,  but  in  global  scale.  At  the  same  time,  nodules  and  diamonds  in  the 
kimberlite  of  the  same  pipe  have  different  radiological  datings.  Some  of  them  coincide  in  age  with 
enclosed  rocks,  others  -  with  kimberlites,  nodules  and  diamonds  of  more  ancient  stages  that  suggest 
repeated  manifestations  of  the  deep  magmatism  in  the  same  areas,  i.e.  periodical  activization  of 
numerous  "hot  spots"  in  the  upper  mantle  of  the  planet. 

Searching  of  endogenic  ("Earth")  energy  source  which  could  provide  episodical  "functioning"  of 
hot  spots  for  the  period  of  bill.years  has  failed.  Alternative  option  consisted  in  "pumping"  of  space 
energy  in  subcrustal  depths  of  the  Earth.  It  was  noticed  that  periodicity  of  kimberlite  magmatism  is 
correlated  with  Galaxy  chronology  and,  at  least,  since  the  end  of  Proterozoic  the  epochs  of 
activization  repeated  in  time  intervals  which  are  multiple  not  only  to  the  wholes  but  to  halfs  of 
siderial  year  (Table  ).  It  is  associated  with  repeated  intersections  of  magnetic  and  radiation  belts  of 
the  Galaxy  by  the  Solar  system.  Each  intersection  induced  Foucault  currents  and  was  accompanied 
by  significant  release  of  heat  energy  in  planet  interior. 
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An  investigation  of  Copeton  diamonds  initiated  by  Henry  Meyer  (Meyer  et.  al.,  1997)  involved  the  study 
of  65  diamonds  from  the  Cluff  collection  in  the  Australian  Museum.  These  diamonds  were  selected 
primarily  to  obtain  data  on  their  inclusion  content,  and  did  not  involve  enough  specimens  from  some 
sites  to  make  it  possible  to  decide  whether  or  not  they  represented  different  populations.  It  has  now 
been  possible  to  select  a  further  109  diamonds  from  the  Cluff  collection  to  obtain  a  more  representative 
sample  from  the  various  localities  in  order  to  consider  this  question.  Factors  influencing  the  new 
selection  included  attention  to  morphology  and  surface  quality,  choice  of  the  smallest  specimens 
representative  of  any  category  (since  the  high  nitrogen  content  of  many  stones  in  the  original  group 
resulted  in  infrared  (IR)  spectra  being  off-scale),  broken  stones,  and  those  to  which  minerals  were  still 
attached. 


The  current  totals  are  as  follows: 


Bingara:  Eaglehawk. 

Monte  Cristo. 
Copeton:  Ryders/Kenzies. 
Collas  Hill. 
Round  Mount. 
Mount  Ross. 
Malacca 


6  (1997) +  16  New  =  22 
4  (1997) +  21  New  =  25 
3  (1997) +  14  New  =  17 
3  (1997) +  18  New  =  21 
41  (1997) +  24  New  =  65 
8(1997)+  14  New  =  22 
2New=  2 


(TOTAL  =  174  stones) 


together  with  7  specimens  (1997)  from  other  collections,  now  augmented  with  6  (New)  Inverell 
specimens,  so  that  a  total  of  187  specimens  quite  well  distributed  among  the  different  sites  are  being 
studied. 


Morphology  and  surface  minerals 

Many  specimens  of  both  major  varieties  (yellow,  high  nitrogen,  and  white,  low  nitrogen)  show  roughly 
hemispherical  depressions  or  substantial  broad  rough  cracks  (Fig.  6  and  Fig.  8  of  Meyer  et  al.  1997) 
which  sometimes  contain  fine-grained  minerals,  or  more  substantial  lumps,  and  these  are  being  identified 
by  microprobe  analysis.  It  is  often  supposed  that  adhering  minerals  are  of  little  interest,  since  they  may 
be  late  accretions  formed  long  after  diamond  formation,  and  may  in  any  case  have  been  altered  during 
the  recovery  process.  However,  the  fact  that  depressions  and  gouges  are  such  frequent  feature  of  the 
Copeton  specimens  suggests  that  they  may  reveal  information  about  the  origin  and  history  of  these  very 
unusual  diamonds. 
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Results  of  particular  interest  were  obtained  from  one  of  the  polished  plates  that  had  been  studied 
previously,  MR6/1  from  Mount  Ross,  and  shown  to  contain  coesite.  The  polished  surface  cut  across  a 
section  of  the  surface  gouge,  exposing  material  deep  within  the  crack  not  previously  exposed  on  the 
surface.  This  turned  out  to  be  scapolite,  a  high-pressure  mineral  which  is  capable  of  holding  water  and 
CO2,  and  in  this  case  also  contained  sulphur.  The  exposed  sections  of  the  gouge  also  held  ilmenite, 
rutile  and  Si02,  (still  to  be  checked  as  quartz  or  coesite).  As  many  of  the  diamonds  were  specifically 
selected  because  of  the  presence  of  surface  minerals,  the  possibility  of  a  specific  mineral  assemblage 
being  associated  with  these  specimens. 

Stones  in  the  new  selection  exhibit  fractures  and  cleavages,  some  of  which  are  old  (etched),  and  many 
have  matt  surfaces.  No  sharp  octahedra  occur,  but  many  variants  with  relatively  sharp  edges 
approximating  to  dodecahedra,  such  as  can  be  produced  by  laboratory  etching  (Mendelssohn  & 
Milledge,  1995a)  are  found,  as  well  as  smooth  well-rounded  crystals  of  similar  types,  confirming  that 
substantial  resorption  has  taken  place. 

Infrared  Spectroscopy 

Infrared  transmission  spectra  have  been  measured  and  analysed  using  the  procedures  described  by 
Meyer  et.  al.  (1997).  All  these  specimens  are  rough  stones,  and  the  fact  that  they  are  rounded  and  have 
matt  surfaces  means  that  it  is  difficult  to  obtain  spectra  with  a  straight  baseline.  In  the  methods  described 
in  Mendelssohn  &  Milledge  (1995b),  the  data  were  baselined  within  the  spreadsheet  by  the  application 
of  a  straight-line  correction.  While  this  is  a  satisfactory  procedure  for  parallel-sided  polished  plates,  it 
cannot  always  produce  a  properly  base-lined  spectrum  for  rough  stones  or  polished  plates  with  bevels. 
In  order  to  avoid  subjective  decisions,  all  these  spectra  have  been  baselined  using  the  automatic 
correction  in  the  Opus  software  for  comparison  with  spectra  baselined  in  the  spreadsheet. 

As  in  the  (1997)  set,  many  spectra  were  of  good  quality  but  off-scale,  and  the  results  are  being  analysed. 
Nitrogen  concentrations  range  from  <20  ppm  to  ~2500ppm,  and  preliminary  results  show  that  the 
nitrogen  concentrations  and  aggregations  for  the  Bingara  specimens  lie  within  the  ranges  shown  in 
Fig.  18  of  Meyer  et.  al  (1997).  However,  the  widest  range  of  IR  spectra  were  found  in  the  new  Ryders 
specimens:  the  lowest  concentration  (<  20  ppm)  and  one  almost  fully  aggregated  specimen  in  which  the 
platelet  peak  is  absent,  and  one  quite  well  aggregated  specimen  without  a  platelet  peak  was  found  in  the 
new  Eaglehawk  set.  No  such  specimen  was  found  among  the  complete  (1997)  selection.  The  IR  results 
have  not  yet  been  correlated  with  other  variables. 
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Previous  investigations  of  groups  of  carbonados  from  Ubangui  and  from  Brazil  have  been  described  by 
Shelkov  et  al.  (1997).  In  particular,  carbon  and  nitrogen  isotope  data  were  similar  for  specimens  from 
both  sources,  and  similar  to  values  found  for  polycrystalline  diamond  from  Jwaneng  and  Orapa, 
suggesting  that  a  Mantle  origin  was  more  likely  than  the  crustal  origin  proposed  on  the  basis  of 
inclusions  such  as  florencite  frequently  found  in  carbonado.  This  view  was  reinforced  by  infrared  spectra 
of  Type  IaA  obtained  from  one  Brazilian  specimen  containing  large  crystallites. 

These  carbonados  had  been  fractured  in  order  to  identify  inclusions  without  contamination  during  a 
polishing  process,  and  the  presence  of  veneers  rich  in  rare-earth  components  of  the  type  previously 
reported  was  confirmed  for  both  Brazilian  and  Ubangui  specimens.  Cathodoluminescence  (CL) 
examinations  of  both  natural  and  fractured  surfaces  were  made  for  these  and  for  some  60  other 
carbonados,  some  of  unknown  origin.  External  surfaces  were  predominantly  red  luminescent,  while 
internal  surfaces  were  more  variable,  but  no  fractured  microcrystals  were  observed. 

An  attempt  was  made  to  polish  pieces  of  these  specimens  in  order  to  see  whether  the  smooth  crust 
observed  on  the  exterior  of  some  of  them,  giving  them  a  "flame-polished"  appearance,  was  pore-free,  in 
which  case  geochemical  data  on  the  inclusions  might  be  considered  as  related  to  the  diamond  genesis 
rather  than  to  have  been  introduced  or  altered  after  emplacement,  and  to  give  some  idea  of  the  textural 
variations  to  be  found,  which  were  considerable,  but  the  CL  of  these  polished  surfaces  was  not 
examined. 

However,  a  small  Brazilian  carbonado  was  polished  at  the  Australian  National  University  Research 
School  of  Earth  Sciences  in  1996  to  see  whether  a  reasonably  good  finish  could  be  obtained  using 
techniques  in  use  there,  so  that  any  large  inclusions  encountered  could  be  probed  in  the  usual  way.  In 
the  course  of  probe  measurements  at  University  College  London,  backscattered  images  showed  that  the 
specimen  was  essentially  pure  carbon,  though  containing  many  holes  from  which  inclusions  may  have 
been  removed,  and  the  CL  was  checked  to  see  whether  the  colour  would  differ  from  the  predominantly 
reddish  CL  usually  seen  on  external  surfaces. 

This  revealed  an  astonishing  array  of  zoned  microdiamonds  up  to  ~  50  microns  in  diameter,  embedded 
in  a  featureless,  apparently  fine-grained,  diamond  matrix.  CL  spectra  were  subsequently  obtained,  at 
very  high  spatial  resolution  at  liquid  nitrogen  temperatures  in  our  SEM,  from  cores  and  individual  zones 
of  some  of  these  microdiamonds,  and  showed  that  the  574nm  system  was  much  stronger  than  any  other 
system  and  was  extended  by  a  broad  band  without  any  observable  zero-phonon  component  past  700nm, 
thus  accounting  for  the  general  red  CL  of  carbonado.  The  574nm  system  was  dominant  even  in  the 
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internal  zones  of  these  microdiamonds,  and  is  ascribed  to  a  (nitrogen  +  vacancy)  centre  usually,  but  not 
always  (as  for  example  in  some  synthetic  diamond)  associated  with  radiation  damage. 

As  far  as  could  be  seen,  there  were  no  discrete  haloes  of  the  type  seen  on  the  external  surfaces  of  many 
diamonds,  but  the  specimens  of  the  Ubangui  carbons  polished  previously  were  now  examined  in  CL. 
These  showed  occasional  microdiamonds  of  a  size  similar  to  those  seen  in  the  Brazilian  specimen,  but 
otherwise  a  featureless  carbon  surface  containing  many  cracks,  a  number  of  which  were  decorated  by 
radioactive  haloes  characteristic  of  the  Uranium  decay  chain  (Mendelssohn  et.  al.  1979).  The  large 
number  of  these  haloes  could  well  account  for  the  high  He  content  found  for  carbonado,  comparable  to 
that  measured  for  the  green  skins  of  alpha-damaged  diamonds  at  the  Open  University,  and  attributed  to 
the  action  of  ground  water  after  emplacement. 

Recently  Ozima  and  Tatsumoto  (1997),  on  the  basis  of  a  study  of  the  U-Th-Pb  systematics  of  ten 
carbonados  from  the  Central  African  Republic,  have  supported  the  suggestion  that  carbonado  represents 
radiation-induced  crystallisation,  but  the  very  extensive  halo  distribution  associated  with  cracks  in  the 
Ubangui  carbonados  studied  here  makes  it  seem  likely  that  uranium  was  only  involved  after 
emplacement  in  such  specimens. 

A  large  number  of  fractured  carbonados  were  re-examined  in  CL,  but  no  microdiamond  sections  were 
encountered,  indicating  that  intergranular  fracture  is  more  likely  than  intragranular  fracture. 
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Recently  identified  kimberlite  dykes  hosted  in  greenschist-grade  Archean  supracrustal  rocks  in  the 
Rankin  Inlet  area  represent  the  first  discovery  of  kimberlite  magmatism  in  the  western  Churchill 
Province.  The  western  Churchill  Province  is  comprised  of  Meso-  and  Neo Archean  rocks  with 
scattered  remnants  of  deformed  and  metamorphosed  Paleoproterozoic  rocks.  Paleoproterozoic 
reworking  of  the  Churchill  Archean  crust,  and  the  formation,  in  part,  of  its  prominent  and  distinctive 
regional  northeastern  structural  grain,  is  in  marked  contrast  with  the  adjacent  Slave  and  Superior 
cratons  which  record  comparatively  minor  Paleoproterzoic  thermal  resetting  and  deformation. 

The  kimberlite  in  the  Rankin  area  occur  as  dykes  whose  orientation  is  controlled  by  preexisting 
Archean  and  Paleoproterozoic  regional  east- southeast  and  northwest  fracture  patterns.  The 
kimberlite  dykes  are  tabular,  subvertical,  and  vary  from  1-3  metres  wide  in  width.  They  are 
heterogeneous  due  to  flow  differentiation,  bifurcate  into  subparallel  anastomosing  veins  and  veinlets, 
and  lack  significant  thermal  effects  on  wallrocks  and  wallrock  xenoliths.  These  features  suggests  that 
the  dykes  represent  lower  hypabyssal  facies  kimberlite  (Mitchell,  1986).  Petrological  studies  indicate 
that  the  distinctive  inequigranular  texture  is  the  product  of  two  generations  of  olivine  and 
phlogopite,  with  primary  and  secondary  serpentine,  primary  calcite,  perovskite,  spinel, 
magnesioilmenite,  apatite,  pyrite,  chalcopyrite,  galena,  uraninite.  The  only  macro-  and  microscopic 
xenoliths  identified  are  derived  from  the  adjacent  greenschist  facies,  Archean  metasedimentary  host 
rocks. 

Mineral  chemistry  of  the  spinels  indicate  they  belong  to  the  ulvospinel  series  and  lie  within  the 

magmatic  trend  T1  kimberlite  domain  in  a  Ti/(Ti+Cr+Al)  vs  Fe+^/(Fe+^+Mg)  plot.  Both 
groundmass  and  phenocrystic  phlogopite  are  compositionally  similiar  and  electron  microprobe 
analyses  indicates  that  some  of  the  zoned  phlogopite  phenocrysts  exhibit  high  FeO  &  Ti02  cores 
with  increasing  MgO  and  A1203  towards  the  rims.  This  trend  corresponds  to  kimberlite  trend  3 
(increasing  Al203)  in  an  A1203  vs  Ti02  variation  diagram.  Whole  rock  geochemistry  indicates  that 
the  kimberlite  magma  was  highly  evolved,  and  calcite-rich  with  C02(T)  contents  of  27.6  and  29.5  wt 
%  and  O(T)  of  4.4  and  4.0  wt  %.  Contamination  by  digestion  and  reaction  with  wallrock 
xenoliths  is  minimal  as  indicated  by  contamination  indices  of  1.06  and  1.02  (Mitchell,  1986).  The 
volatile-rich  character  of  this  kimberlite  is  expressed  by  an  enriched  incompatible  (Sr  1237  -  1265 
ppm;  Zr  210  -  144  ppm;  Hf  5.2  -  4.2  ppm;  Nb  192  -  162  ppm)  and  compatible  (Ni  610  -  600  ppm; 
Cr  240  ppm;  Co  60  -  54  ppm)  element  signature  similiar  to  some  Late  Cretaceous  Somerset  Island 
kimberlites. 
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A  Late  Triassic  age  of  214.3  ±  1  Ma  was  determined  for  one  dyke  using  the  Rb-Sr  method  on  four, 
acid-leached  phlogopite  fractions.  The  Late  Triassic  age  does  not  correlate  with  any  of  the  three 
distinct  emplacement  periods  of  Phanerozoic  kimberlites  in  North  America  (Kjarsgaard  and  Heaman, 
1995).  Known  kimberlite  occurrences  in  Canada  cluster  primarily  in  five  areas  bordering  the  western 
Churchill  Structural  Province.  Three  clusters  are  hosted  either  in  stable  Archean  cratons  or  in 
Phanerozoic  platformal  sedimentary  sequences  that  overlie  Archean  cratons:  (1)  the  Lac  de  Gras 
field  (Slave  Province)  of  middle  Jurassic,  Late  Cretaceous  and  Early  Eocene  age;  (2)  the 
Attawapiskat  field  in  the  James  Bay  lowlands  (Superior  Province)  of  Late  Jurassic-Early  Cretaceous 
age;  and  (3)  the  Kirkland  Lake  kimberlites  (Superior  Province)  of  Late  Jurassic  age  (Brummer  et  al., 
1992),.  Two  clusters  are  hosted  in  Phanerozoic  strata  that  overlie  terranes  comprised  of  juvenile 
Paleoproterozoic  rocks  that  are  interlayered  with  reworked  Archean  basement  gneisses  (Frisch  and 
Hunt,  1993;  Lucas  et  al.,  1993):  (4)  the  Sommerset  Island  field  (Arctic  Platform)  of  Late  Cretaceous 
age,  and  (5)  the  Prairie  kimberlites  (Interior  Platform)  of  Early  Cretaceous  age  (Kjarsgaard,  1995). 

Insights  into  the  Phanerozoic  structural  history  of  the  western  Churchill  Province  can  be  inferred 
through  analysis  of  the  stratigraphy  and  sedimentology  in  the  Hudson  Bay  platform  to  the  east- 
southeast,  and  Arctic  Islands  to  the  north.  In  the  Moose  River  Basin,  in  the  southern  part  of  the 
Hudson  Bay  platform,  Jurassics  unconformities  associated  with  initiation  of  block  faulting, 
continental  sedimentation  and  kimberlitic  magmatism  are  correlated  with  widespread  igneous  activity 
in  eastern  Canada,  all  of  which  are  associated  with  extension  and  opening  of  the  Atlantic  Ocean 
(Norris,  1993).  Similiarly,  in  the  Arctic  Islands,  a  late  Triassic  regression  in  the  Sverdrup  Basin 
marks  the  first  of  several  rift  initiated  unconformities  during  the  Jurassic-Cretaceous  that  are  related 
to  the  formation  of  the  Amerasian  Basin  (Embry,  1991).  It  is  proposed  that  the  emplacement  of  the 
Rankin  kimberlite  dykes  are  related  to  late  Triassic  extension  in  the  Churchill  Structural  Province. 
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1.  Introduction 

The  authors  support  idea  that  generation  and  intrusion  of  diamond-bearing  kimberlites  were  stimu¬ 
lated  by  processes  in  mantle.  This  processes  affected  the  lithosphere  as  well.  Some  peculiar  results 
of  this  process  are  represented  by  formation  of  specific  earth  crust  and  upper  mantle  structure  dis¬ 
cussed  here  on  the  example  of  well-studied  Siberian  platform. 

The  thirty  four  kimberlite  fields  of  different  diamond  concentration  are  known  to  be  located  in 
various  parts  of  the  Siberian  Platform.  Five  of  them  are  rich  of  diamonds.  These  fields  are:  Mirny 
(No  2),  Sredne-Markha  (Nakyn)  (Ns.  3),  Alakit  (N°.  4),  Daldyn  (N°.  5)  and  Muna  (Ns.  6).  They  are 
the  Middle  Paleozoic  and  are  located  compactly  in  the  center  of  the  platform.  The  main  task  of  this 
paper  is  to  discuss  specific  features  of  the  Middle  Paleozoic  tectonic-magmatic  stage  and  to  elabo¬ 
rate  setting  of  the  diamond-bearing  areas  in  the  deep  structure  of  the  Siberian  platform. 

The  results  discussed  below  are  based  on  the  analysis  of  a  set  of  original  maps  showing  specific 
features  of  the  platform  deep  structure.  This  set  was  compiled  by  authors  on  the  basis  of  published 
data  on  deep  seismic  sounding  of  Center  GEON,  Yakutian  Institute  of  Geological  Sciences,  Botuo- 
bian  expedition,  Irkutsk  Geophysica  (Egorkin  et  al.,  1988;  Suvorov,  1993)  and  on  magnetotelluric 
sounding  executed  by  VostSNIIGIMS  and  the  numerous  geology-geophysical  data. 

2.  Geological  setting 

All  mentioned  diamond-bearing  kimberlite  fields  are  located  on  the  south  flank  of  the  Anabar  anti- 
clise  at  its  junction  with  Tunguss  and  Vilyui  syneclises  (Kimberlites  of  Yakutia,  1995).  Thickness 
of  the  sedimentary  cover  in  the  area  is  1,9-3  km  that  is  significantly  less  than  in  adjacent  areas.  Ar- 
chean  metamorphic  granite-gneiss  rocks  older  than  2.5  Ga  compose  crystalline  basement  of  this 
territory. 

3.  Deep  structure 

Based  on  the  radiometric  data  of  the  basement  as  well  as  the  parameters  of  the  deep  structure  and 
patterns  of  geophysical  fields  we  outlined  the  territory  of  diamond-bearing  kimberlites  as  an  inde¬ 
pendent  Mimy-Udachney  Craton.  The  Craton  is  characterized  by  abnormally  high  thickness  of  the 
crystalline  crust  (40-47  km),  thick  lithosphere  (over  200  km)  and  low  heat  flow — less  than 
30  mVt/m2  (Erinchek  et.  al.,  1997).  The  crystalline  crust  has  specific  layering:  thin  upper  layer  (10- 
14  km),  thick  intermediate  layer  (up  to  20  km)  and  moderate  thickness  of  the  lower  layer  (14-18 
km),  abnormally  high  ratio  between  thickness  of  the  low-  and  intermediate  layer  and  total  thickness 
of  the  crystalline  crust  called  here  as  «basicity  coefficient))  ((3-  0.7-0.75);  relatively  high  (up  to  ab¬ 
normally  high)  and  sharply  differentiated  velocities  at  Moho  (8. 2-8. 8  km/s). 

The  Viluyi  syneclise — post-rift  structure  formed  above  Middle  Paleozoic  Patom-Viluyi  rift 
valley  is  situated  to  the  south-east  of  Mimy-Udachney  Craton.  The  deep  parameters  of  this  area  are 
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commonly  typical  for  Mesozoic  and  recent  rift  valleys.  They  include:  abrupt  decrease  in  thickness 
of  the  crystalline  crust  (26-36  km)  and  its  upper  layer  (4-12  km),  thm  asthenosphere  (not  more  than 
120  km),  abnormally  high  «basicity  coefficient))  ((3=0.7-0.95),  high  values  (more  than  40  mVt/m2) 
of  the  heat  flow  (Duchkov  and  Sokolova,  1997).  The  relief  elements  of  Moho  discontinuity  have 
differentiated  nature  with  linear  forms  being  predominant. 

To  the  west  of  Mimy-Udachney  Craton  there  is  the  Tunguss  syneclise.  The  parameters  of  its 
deep  structure  are  intermediate  between  two  mentioned  structures.  The  thickness  of  crystalline  crust 
is  nearly  36-42  km,  thickness  of  lithosphere  is  120-150  km,  heat  flow  ranges  from  30  to 
50  mVt/m2.  This  territory  has  a  differ  type  of  the  crust  layering  comparing  with  two  discussed 
above  areas,  and,  as  the  result,  it  has  low  «basicity  coefficient))  ((3=0. 5-0. 6). 

4.  Middle  Paleozoic  stage  of  the  evolution 

At  this  stage  of  the  evolution  (time  of  diamond-bearing  kimberlite  manifestation)  recent  Viluyi 
syneclise  was  represented  by  Patom-Viluyi  rift  valley  (Masaitis  et.  al.,  1975).  Mimy-Udachney 
Craton  represented  its  adjoining  uplift.  The  line  of  high-amplitude  grabens  separated  by  horsts  was 
formed  in  the  Patom-Viluyi  rift  valley.  Here  the  Middle  Paleozoic  rift  complex  represented  by  De¬ 
vonian-Early  Carboniferous  vol¬ 
canic-sedimentary  succession  is  up 
to  6  km  thick.  Total  length  of  the 
structure  is  900  km  while  the  maxi¬ 
mum  width  is  about  300  km.  Middle 
Paleozoic  magmatites  are  widely 
represented  in  the  flank  of  Anabar 
anticlise  (in  Mimy-Udachney  Craton 
in  particular)  as  well  as  in  grabens  of 
Patom-Viluyi  rift  valley. 


5.  Discussion 


Thus,  during  Middle  Paleozoic  the 
examined  part  of  a  platform  was  in¬ 
volved  in  intensive  intracontinental 
rifting  that  led  to  formation  of  the  rift 
valley  (system  of  grabens)  in  the  ax- 


Figure.  Tectonic  position  of  Middle 
Paleozoic  kimberlites  in  the  Siberian 
platform. 

1-3 —  Sredinno-Sibirskaya  Middle 
Paleozoic  Rift  System:  1  —  bound¬ 
ary,  2  —  trough  zone,  3  —  marginal 
zones;  4-6  —  the  magmatites  of 
marginal  zones  of  Rift  System:  4  — 
high-diamond-bearing  (JM°  2-6)  and 
diamondless  (JV®  7—1 5)  kimberlite 
fields;  5  —  mafic  dyke  belts,  6  — 
mafic  sills;  7  —  Mimy-Udachney 
Craton. 
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ial  part  and  in  manifestation  of  wide  magmatites  areal,  in  axial  part  as  well  as  in  the  adjoining  up¬ 
lifts.  Middle  Paleozoic  magmatic  rocks  have  distinct  lateral  zonality.  Mafic  volcanics  manifested 
within  the  axial  part,  intrusive  sills  recorded  in  both  trough  and  marginal  (uplifts)  parts;  mafic  dykes 
and  pipes  and  also  kimberlite  bodies  are  manifested  exclusively  within  adjoining  uplifts  (in  Craton 
as  well).  Dykes  and  sills  are  recorded  at  a  distance  of  up  to  300  km  from  the  trough  edge. 

The  area  involved  in  rifting  and  contained  magmatites  associated  with  the  rift,  we  identify  as 
united  Middle  Paleozoic  Sredinno-Sibirskaya  Rift  System  (Erinchek  et.  al.,  1997).  It  includes  axial 
trough  zone  (Patom-Viluyi  aulacogen  by  Masaitis  et.  al.,  1975)  and  two  extensive  adjoining  mar¬ 
ginal  areas  (zones):  north-west  and  south-east.  The  deep  structure  of  the  axial  zone  is  dominated  by 
Middle  Paleozoic  rifting.  The  structure  of  marginal  areas  is  mainly  determined  by  the  evolution  of 
these  territories  during  the  Precambrian.  So,  in  north-west  marginal  areas  two  Precambrian  block 
(Mimy-Udachney  Craton  and  Maak  block)  with  different  type  of  the  Precambrian  evolution  (thus, 
with  differ  characteristics  of  deep  structure)  were  involved  in  rifting.  The  influence  of  rifting  in  the 
peripheral  zones  was  significantly  less  than  in  axial  one.  For  this  reason  it  is  rather  difficult  to  mark 
the  elements  of  deep  structure  related  only  with  the  Middle  Paleozoic  rifting.  However,  we  would 
like  to  point  to  similarity  of  the  crystalline  crust  layering  between  the  Mimy-Udachney  Craton  and 
the  rift  trough  zone  (Patom-Viluyi  aulacogen). 

The  diamond-bearing  kimberlites  and  most  complete  association  of  mafic  magmatites  realized 
in  Mimy-Udachney  Craton.  The  diamondless  kimberlites  realized  in  Maak  block,  mafic  magmatites 
are  unknown  here. 

6.  Conclusion 

We  believe  that  two  main  factors  are  responsible  for  manifestation  of  high-diamondiferous  kimber¬ 
lites  in  the  central  part  of  Siberia  platform.  They  are  the  mantle  magma-generating  stmcture — in¬ 
tracontinental  Middle  Paleozoic  Sredinno-Sibirskaya  Rift  System — and  a  specific  block — Mimy- 
Udachney  Craton — within  it.  The  latter  is  characterized  by  thick  lithosphere  and  crystalline  crust 
with  certain  type  of  layering.  This  block  of  ancient  formation  did  not  endure  destruction  during  the 
Phanerozoic. 
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Under  the  change  of  crystallization  conditions  (temperature,  pressure  or  chemical 
composition  of  environment)  as  a  rule  there  occurs  alteration  of  the  mechanism  of  the 
crystal’s  growth,  which  causes  alteration  of  the  form  of  its  growth.  If  early  growth  forms 
differentiate  from  each  other  by  physical  features,  then  there  is  an  opportunity  to  detect 
them  by  a  number  of  methods.  The  methods  applied  for  detection  of  growth  mechanisms 
were  discussed  in  detail  in  recent  review  of  Lang,  A.R.  (Lang,  1993).  Application  of  those 
methods  for  solving  geological  tasks  is  complicating,  and  sometimes  even  impossible,  for 
most  of  them  require  cutting  of  samples.  This  brings  to  limitation  of  massive 
investigations  and  does  not  allow  to  make  use  of  statistical  methods. 

The  method  of  luminescence  tomography  (LT)  is  relatively  simple,  does  not  require 
cutting  of  crystals  and  does  not  take  much  time  for  a  detection.  That  is  why  there  is  an 
opportunity  to  study  hundreds  of  crystals  and  receive  statistically  reliable  regularities 
(Mironov  and  Izenev,  1992).  The  essence  of  the  method  lies  in  selective  excitation  of 
luminescence  of  crystals’  sections  which  is  equivalent  to  observation  of  a  plate  cut  out  by 
this  section.  The  LT  method  made  it  possible  to  determine  regularities  of  Yakutian 
diamonds’  growth  (Mironov  and  Antonuk,  1994),  four  consecutively  replacing  each  other 
stages  of  crystallization  were  revealed  (Mironov,  1995),  as  well  as  distinctions  in  internal 
morphology  of  crystals  from  high-diamondiferous  and  low-diamondiferous  pipes  of 
Malo-Botuobinsky  kimberlite  field  were  discovered  (Mironov,  1996). 

The  present  work  contains  results  of  investigations  of  internal  morphology  of  diamonds 
from  pipe  Udachnaya  in  comparison  with  the  internal  morphology  of  earlier  investigated 
(Mironov,  1995)  diamonds  from  pipe  Mir.  The  investigated  selection  consisted  of  1000 
crystals  of  1  -  4  mm  in  size,  mainly  octahedrons  and  their  twins  according  to  the  spinel 
law,  as  the  most  convenient  for  investigation  by  LT  method.  In  the  course  of  investigation 
each  crystal  received  numerical  code  indicating  stages  of  crystallization  during  which  the 
growth  of  a  definite  individual  and  succession  of  their  replacement  took  place.  It  should 
be  reminded  that  the  earliest  ones  (the  first  stage  of  crystallization)  are  correlated  with 
phantom  crystals  with  green  or  yellow-green  luminescence,  the  second  stage  is  correlated 
with  the  crystals  and  zones  with  blue  luminescence,  the  third  stage  -  with  the  crystals  and 
phantom  crystals  with  orange  luminescence  and  the  fourth,  the  latest  stage,  is  correlated 
with  nonluminescent  crystals  and  or  their  nonluminescent  external  zones  (Mironov  and 
Antonuk,  1994).  In  accordance  with  this  the  134  code  means  that  the  crystal  has  the 
central  part  with  green  luminescence,  which  is  surrounded  by  a  coat  with  orange 
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luminescence  and  then  by  nonluminescent  external  zone,  and  it  grew  consecutively  at  the 
first,  the  third  and  the  fourth  stages  of  crystallization.  Correspondingly  code  12  means 
that  the  crystal  consists  of  the  phantom  crystal  with  green  luminescence  surrounded  by  a 
coat  with  blue  luminescence. 

The  code  consisting  of  one  numeral  means  that  the  crystal  is  homogeneous  and  it  grew 
only  at  one  of  the  stages,  with  the  number  of  the  stage  corresponding  to  the  colour  of 
luminescence. 
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Distribution  of  diamonds  from  pipes  Mir  and  Udachnaya  according  to  the  type  of 
morphology 

Crystals  with  similar  internal  structure,  that  is,  with  identical  code,  were  united  into 
groups  and  the  frequency  of  occurrence  of  such  crystals  in  total  selection  was  calculated. 
Distribution  of  crystals  according  to  the  type  of  structure  is  given  in  the  table  and  in  the 
histogram.  Here  for  comparison  the  results  of  similar  investigations  for  pipe  Mir  are 
shown,  as  well. 

In  the  selection  of  diamonds  from  pipe  Udachnaya  34.9%  of  crystals  have  homogeneous 
distribution  of  luminescence  through  the  bulk  of  a  sample,  that  is,  their  growth  occured 
only  at  one  of  the  stages  of  crystallization,  with  25.2%  from  the  total  number  of  diamonds 
growing  only  at  the  second  stage  of  crystallization.  The  crystals  which  grew  at  two  stages 
of  crystallization  compose  29.7%,  with  20.9%  of  all  crystals  growing  at  the  second  and 
then  at  the  fourth  stages  and  correspondingly  consisting  of  internal  phantom  crystal  with 
blue  luminescence  in  nonluminescent  coat.  Phantom  crystals  with  blue  luminescence  are 
well  outlined  and  may  have  the  shape  from  well  cut  octahedrons  to  a  rounded  shape. 
Crystals  consisting  of  three  zones  consequently  having  grown  at  three  stages  of 
crystallization  compose  30.8%,  with  the  growth  of  more  than  half  of  them  (17.7%) 
occurring  in  succession  at  the  first,  the  second  and  the  fourth  stages,  in  the  result  of 
which  the  colour  of  their  growth  zones  changes  in  the  following  succession:  green  -  blue  - 
nonluminescent  zone.  The  central  phantom  crystal  with  yellow-green  luminescence  may 
be  of  two  types.  1.  Well  outlined  with  bright  yellow-green  luminescence  and  having  the 
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shape  similar  to  cubes  or  their  fragments.  2.  Phantom  crystals  having  less  bright  green 
luminescence,  distribution  of  which  points  to  simultaneous  growth  of  a  crystal  by  facets  of 
a  “cube”  and  octahedron.  Luminescence  is  concentrated  in  pyramids  of  a  “cube”. 
Pyramids  of  an  octahedron  in  these  phantom  crystals  are  nonluminescent,  sometimes 
with  blue  luminescence.  Both  types  of  phantom  crystals  are  surrounded  by  a  coat  with 
blue  luminescence. 

Groups  of  crystals  with  inversion  of  luminescence  colours  214,  212,  2124  should  be  noted 
especially.  These  groups  of  crystals  are  not  accidental,  since  total  frequency  of  their 
occurrence  compose  about  13%.  Such  crystals  practically  do  not  occur  in  high- 
diamondiferous  sources  of  Malo-Botuobinsky  kimberlite  field. 

Analyzing  the  table  and  histogram  one  should  note  that  internal  morphology  of 
diamonds  from  pipe  Udachnaya  sufficiently  differ  from  the  same  for  the  diamonds  from 
pipe  Mir,  since  in  the  investigated  selection  of  diamonds  from  pipe  Udachnaya  the 
greatest  frequency  of  occurrence  belongs  to  nontypical  for  pipe  Mir  homogeneous 
crystals  with  blue  luminescence  (25.9%),  crystals  consisting  of  a  phantom  crystal  with  blue 
luminescence  in  nonluminescent  shell  (21%)  and  crystals  containing  phantom  crystal  with 
green  luminescence,  surrounded  by  blue  and  nonluminescent  shells  (17%).  On  the  other 
hand  among  the  crystals  from  pipe  Udachnaya  there  are  practically  no  typical  for  pipe 
Mir  (32%)  crystals  consisting  of  orange  phantom  crystal  in  nonluminescent  shell. 

Thus,  selections  from  pipes  Mir  and  Udachnaya  sufficiently  differ  in  distribution 
according  to  the  types  of  internal  morphology,  that  may  serve  as  indication  pointing  to 
belonging  of  the  selection  to  this  or  that  kimberlite  pipe.  Since  statistical  regularities  of 
alteration  of  internal  morphology  of  crystals  are  the  result  of  change  of  crystallizational 
conditions,  then  justified  is  the  conclusion  about  essential  distinctions  in  conditions  of 
crystallization  of  diamonds  from  pipes  Mir  and  Udachnaya  -  the  most  important 
kimberlite  pipes  of  Malo-Botuobinsky  and  Daldyn-Alakit  kimberlite  fields. 
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MINERALOGY  OF  ULTRAMAFIC  DIKES  FROM  THE  SARFARTOQ, 
SISIMIUT  AND  MANIITSOQ  AREAS,  WEST  GREENLAND: 
KIMBERLITES  OR  MELNOITES? 

Mitchell,  Roger  H.1 ,  Scott  Smith,  Barbara  H.2 ,  &  Larsen,  Lotte  M.3 
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Ultramafic  dikes  and  sheets  occur  in  several  areas  of  West  Greenland  (Larsen  &  Rex  1992).  The 
regions  of  Sisimiut  (Holsteinsborg),  Sarfartoq  and  Maniitsoq-Sukkertoppen  contain  three  distinct 
groups  of  600Ma  old  ultramafic  dikes.  The  contemporaneous  Sarfartoq  carbonatite  complex  lacks 
ultramafic  rocks  but  is  the  focus  of  a  cone  sheet  of  some  of  the  Sarfartoq  ultramafic  dikes.  All  of  the 
rocks  described  in  this  work  have  been  previously  been  classified  as  kimberlites,  in  part  because  they 
have  gross  petrographic  similarities  to  some  archetypal  kimberlites  and  host  upper  mantle-derived 
garnet  Iherzolite  xenoliths  (Larsen  &  Ronsbo  1993,  Scott  1981).  Diamonds  have  been  reported  both 
historically  and  recently  from  these  areas  of  ultramafic  dikes.  Currently,  central  and  south-west  West 
Greenland  are  the  focus  of  intensive  diamond  exploration.  This  study  includes  some  of  the  newly 
discovered  dikes  and  boulders  from  the  Maniitsoq  area  which  have  recently  been  shown  to  contain 
diamonds  and  subcalcic  Cr-pyrope  (G10  garnet). 

Classification  of  these  rocks  on  a  purely  petrographic  basis  is  difficult.  On  the  one  hand  they  have 
some  similarities  with  kimberlite  i.e.  the  presence  of  two  generations  of  olivine  plus  groundmass 
spinel,  phlogopite  and  perovskite,  whereas  on  the  other,  on  a  modal  basis,  they  might  also  be 
described  using  lamprophyre  terminology  as  aillikite  or  alnoite.  Some  examples,  poor  in  mica,  could 
even  be  termed  olivine  spinel  carbonatite.  Consequently,  the  rocks  may  be  regarded  as  falling  in  the 
region  of  petrographic  convergence  between  the  extreme  variants  of  melnoite  and  kimberlite 
recognized  by  Scott  (1995).  From  an  economic  viewpoint  correct  classification  is  critical  as 
identification  as  melnoite  would  normally  result  in  the  province  being  given  low  exploration  priority 
with  respect  to  its  diamond  potential.  Terminological  problems  may  be  resolved  by  resorting  to 
mineral ogical-genetic  classifications  of  the  type  advocated  by  Mitchell  (1995).  This  type  of 
classification  attempts  to  determine  the  magma  type  from  which  rocks  are  formed  and  permits 
discrimination  between  petrographically  similar,  but  genetically  distinct,  rocks  which  might  on  a 
purely  petrographic  basis  be  inappropriately  named. 

The  dike  rocks  exhibit  an  extremely  wide  variation  in  their  xenolith/xenocryst  content  and  modal 
mineralogy,  resulting  in  part  from  the  pronounced  flow  differentiation  of  their  undoubtedly  very  low 
viscosity  carbonate-rich  parental  magmas.  Despite  the  modal  variation,  all  of  the  rocks  are 
mineralogically  similar  and  composed  essentially  of  primary  olivine,  spinel,  phlogopite  and  carbonate. 
The  principal  petrographic  differences  are  seen  in  the  accessory  and  oxide  mineralogy.  Each  group 
is  of  slightly  different  petrographic  character,  e.g.  the  Sarfartoq  rocks  are  characterised  by  the 
presence  of  perovskite  whereas  this  mineral  appears  to  be  absent  in  the  Maniitsoq  suite.  Despite  these 
differences,  in  terms  of  their  overall  mineralogy  (see  below)  all  of  the  rocks  must  be  considered  as 
being  cogenetic. 
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All  of  the  dikes  contain  macrocrysts  of  rounded  fresh-to-partially  serpentinized  magnesian  olivine. 
These  are  associated  with  microxenoliths  of  lherzolite  and  dunite  and  are  in  part  undoubtedly  derived 
by  fragmentation  of  these  rocks.  Crystals  lacking  strain  cannot  be  unambiguously  classified.  Some 
macrocrysts  containing  inclusions  of  Mg-ilmenite  may  be  cognate.  Others  contain  small  droplets  of 
Fe-Ni  sulphides  and  may  have  inclusions  of  chromite.  Macrocrysts  may  be  unzoned,  normally  (e.g. 
mg#  =  90.8  -  84.5)  or  reversely-  (mg#  =  77.9  -  83.7)  zoned.  Total  range  in  mg#  is  91.8  -  77.8; 
commonest  is  90-84.  In  general  these  olivines  are  richer  in  Fe  than  those  kimberlite.  A  mixed 
population  of  normal  and  reversed  zoned  crystals  is  unlike  that  found  in  kimberlite.  Phenocrysts  of 
euhedral-to-subhedral  olivine  are  common  and  in  some  examples  are  the  only  primary  silicate  phase. 

Microphenocrystal  phlogopite  occurs  as  anhedral-to-rectangular  plates.  Many  crystals  have  thin  red 
rims  of  tetraferriphlogopite.  The  cores  of  the  crystals  are  pale  yellow  and  very  weakly  pleochroic  and 
show  no  optical  zonation.  All  are  Cr-poor  (<0.05  wt.%  Cr203)  with  low  BaO  contents  (0.1  -1.1 
wt.%).  Ti02  ranges  from  1-3.5  wt  %,  A1203  from  1 1.5  -  17.0  wt.%,  and  FeO  from  6.5  -  8.5  wt.% 
FeOT.  NiO  is  <0.1  wt.%.  The  evolutionary  trend  is  from  high  A1  and  Ti  to  low  Al,  lower  Ti  and 
higher  Fe.  Tetraferriphlogopite  rims  are  low  in  Ti02  (<1.0  wt.%)  and  A1203  (<2.5  wt.%)  and  have 
very  high  FeOx  (15.0  -18.5  wt.%)  at  high  MgO  contents.  Ba  and  Cr  contents  are  low  (<0.3  wt.%). 

-  The  overall  composition  i.e.  alumina  enrichment,  and  evolutionary  trends  are  unlike  groundmass 
micas  in  kimberlite  and  members  of  the  phlogopite-kinoshitalite  series  are  absent. 

Ilmenite  is  found  as:  anhedral  inclusions  in  olivine  macrocrysts;  mantled  macro/microcrysts;  and 
euhedral  groundmass  laths.  Inclusions  in  macrocrysts  have  a  limited  compositional  range  10-12  wt.% 
MgO  2.7-5. 0  wt.%  Cr203,  and  <1  wt.%  A1203,  MnO,  and  Nb205.  and  are  similar  to  spinel-mantled 
ilmenite  in  the  same  rock.  All  rocks  are  characterised  by  irregular  macrocrysts  and  microcrysts  of  Mg- 
ilmenite  mantled  by  zoned  Cr-poor  Mg-Ti-magnetite .  The  latter  are  compositionally  identical  to 
discrete  primary  groundmass  spinels.  Individual  samples  contain  Mg-ilmenite  of  distinct  compositional 
ranges.  Large  macrocrysts  may  have  MgO-poor  (10-12  wt.%)  cores  and  are  zoned  towards  MgO- 
rich  margins  (19-23  wt.%).  Their  is  no  correlation  of  Mg  with  Cr  content  and  the  most  magnesian 
ilmenites  may  be  poor  (<1.0  wt.%)  or  rich  (3-5  wt.%)  in  Cr203  The  crystals  may  have  rutile,  PbS 
and  Th02  inclusions  but  not  spinel.  Macrocrysts  are  interpreted  to  be  high  pressure  cognate  phases. 
Primary  euhedral  ilmenite  in  the  groundmass  contains  1-20  wt.%  MgO  and  may  be  enriched  in  Mn 
and  Nb  relative  to  spinel-mantled  ilmenite.  In  some  instances  quench-like  aggregates  of  very  fine 
grained  cryptocrystalline  prisms  of  Mg-free  ilmenite  occur  in  dolomite. 

Spinel  forms  mantles  on  ilmenite  and  occurs  as  discrete  euhedral-to-subhedral  crystals  in  the 
groundmass.  Atoll-textured  spinels  only  very  rarely  present.  The  spinels  are  typically  Cr-poor  relative 
to  kimberlite  spinels  and  primarily  members  of  the  MgAl204  -  Fe^iC^  -  Fe304  series.  Many  crystals 
contain  anhedral-to-rounded  discrete  inclusions  of  Cr-poor  (Mg,Fe)Al204  or  subhedral  cores  of  Al- 
rich  chromite.  Many  crystals  have  outer  mantles  of  Ti-magnetite  or  magnetite.  Individual  spinel 
crystals  may  be  weakly-to-strongly  zoned  and  particular  dikes  differ  in  the  extent  of  zoning.  The 
evolutionary  trend  follows  that  of  trend  2  of  Mitchell  (1995)  and  is  thus  unlike  that  of  spinels  found 
in  kimberlite. 

Some  rocks  contain  primary  Cr-poor  diopside.  At  Sisimiut  these  contain  1-4  wt.%  Ti02  and  1-6 
wt.%  A1203.  At  Sarfartoq  they  contain  1-2  wt.%  Ti02  and  1-2.5  wt.%  A1203.  The  compositions 
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suggest  that  they,  in  common  with  mica  and  spinel,  crystallised  from  a  relatively  aluminous  magma. 
Perovskite  occurs  as  subhedral-to-rounded  crystals  and  as  a  part  of  reaction  assemblages  around 
ilmenite  macrocrysts.  All  are  relatively  pure  CaTi03  perovskite.  Not  all  dikes  contain  perovskite  and 
in  some  instances  perovskite  has  been  replaced  by  an  intimate  intergrowth  of  Mg-free  ilmenite, 
anatase  and  kassite.  Apatite  forms  subhedral,  commonly  resorbed  prisms,  and  irregular  groundmass 
plates;  most  has  crystallised  subsequent  to  spinel  and  contemporaneously  with  groundmass 
carbonates.  The  apatite  is  poor  in  Sr  and  REE. 

The  mesostasis  of  the  dikes  is  composed  primarily  of  calcite  plus  dolomite  in  an  emulsion  or  irregular 
intergrowth  texture.  Some  dikes  contain  patches  of  serpentine.  Other  minerals  present  are:  (Ca,Ti)- 
Zr-oxide  (zirconolite?) ,  (Ca,Ti)-Nb-oxide,  Zr02  (baddeleyite),  Ti02  (rutile  and/or  anatase),  kassite, 
thorite,  strontiobarite,  barite,  celestite,  strontianite,  Sr(REE)-carbonate  (ancylite?)  galena, 
chalcopyrite,  pyrite,  Ni-pyrite,  and  djerfisherite. 

The  West  Greenland  ultramafic  dikes  differ  markedly  in  their  mineralogy  from  archetypal  kimberlites 
in  that  they  contain  primary  high  Al-mica,  Al-diopside,  compositional  trend  2  spinels  (Mitchell  1995), 
and  are  enriched  in  late  stage  Sr-Ba  minerals.  They  lack  members  of  the  phlogopite-kinoshitalite 
series  and  primary  mica  reacts  in  some  instances  with  magma  to  form  tetraferriphlogopite.  Perovskite 
is  low  in  abundance  compared  with  bona  fide  kimberlites.  It  is  concluded  on  the  basis  of  this 
mineralogical-genetic  classification  that  these  rocks  are  NOT  kimberlites,  and  that  their  mineralogical 
characteristics  suggest  derivation  from  an  aluminous  ultrabasic  carbonated  magma.  It  is  suggested 
this  magma  is  of  melilitite  composition  as  such  magmas  elsewhere  evolve  to  produce  similar 
ultramafic  lamprophyres  and  form  rocks  containing  mantle-derived  ultramafic  xenoliths.  Against  this 
hypothesis  is  the  observation  that  melilitites  and  related  rocks  have  not  yet  been  found  in  this  region. 
However,  this  may  merely  reflect  a  sampling  bias  as  carbonate-rich  rocks  are  resistant  to  weathering. 
Silicate  rocks  may  have  been  deeply-weathered  and  not  observed  in  reconnaissance  work. 

On  the  basis  of  the  above  it  is  concluded  that  the  Sisimiut,  Sarfartoq  and  Maniitsoq  fields  are  not 
kimberlites  but  form  a  part  of  a  previously  unrecognized  200  x  100km  province  of  alkaline 
magmatism  in  West  Greenland.  The  dikes  may  be  termed  melnoites  or  ultramafic  lamprophyres  (sensu 
lato ),  and  as  such  may  represent  a  carbonate-rich  extreme  variety  of  the  melilitite  clan.  The  presence 
of  subcalcic  Cr-pyrope  and  diamond  in  Maniitsoq  dikes  but  apparently  not  in  the  Sisimiut  or  Sarfartoq 
rocks  cannot  as  yet  be  explained.  Although  all  dikes  must  have  passed  through  the  Archean  cratonic 
crust  at  depth,  only  the  Maniitsoq  magmas  appear  to  sampled  and  disaggregated,  a  diamond-bearing 
horizon.  This  province  is  now  recognized  as  one  of  the  few  bona  fide  provinces  of  diamond-bearing 
melnoites  or  ultramafic  lamprophyres;  consequently  it  may  contain  economic  melnoite! 
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Chief  Feature  of  Rocks  of  the  Earth’s  Crust  within  Kimberlite  Provinces  - 
Moderation  of  their  Petrochemical  Indicators 
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Introduction 

It  was  repeatedly  noted  that  kimberlites  and  associated  with  them  magmatic  rocks  - 
derivatives  of  mantle  substrate  were  regularly  located  on  territories  of  ancient  platforms. 
The  hypothesis  is  formulated  that  there  is  interrelation  between  the  events  in 
Precambrian  (the  stage  of  mantle  evolution  before  the  platform  and  the  formation  of 
primary  Earth’s  crust)  and  magmatic  processes  in  Phanerozoic.  It  is  proved  that  the  initial 
appearance  and  the  conditions  of  rock  formation  of  the  Earth’s  crust  within  kimberlite 
provinces  are  peculiar  and  have  no  analogs  on  other  sites  of  platforms,  where  there  are 
no  kimberlites  and  convergent  to  them  rocks. 

Actual  data 

Both  xenoliths  of  rocks  of  the  Earth’s  crust  from  kimberlite  bodies  of  Yakutian  kimberlite 
province  and  samples  of  core  of  deep  boreholes,  which  have  revealed  crystalline 
basement  of  the  platform,  were  investigated  by  methods  of  petrography,  mineralogy  and 
petrochemistry  (1,  2).  The  analysis  of  actual  data  indicates  that  among  xenoliths  there 
prevail  granulites,  enderbites,  charnockites,  marbles,  calcite  rocks.  Granulites  are 
represented  by  garnet-hlinopyroxene-plagioclase  and  bipyroxene-plagioclase  crystalline  shales, 
corresponding  by  petrochemical  composition  to  tholeitic  basalts.  Enderbites  and  charnockites 
represent  the  rocks  of  a  transitive  stage  from  granulite  metabasites  to  granites.  Amphibolites 
correspond  by  petrochemical  indications  to  varieties  of  basites. 

Among  the  samples  of  core  of  deep  boreholes  two  genetic  types  of  rocks  prevail.  Granitoids 
(bimicaceous  and  biotite  plagiogneisses,  granite  gneisses)  and  gneisses  (bipyroxene  and 
hypersthene)  relate  to  the  first  type.  Metabasites,  in  which  the  main  rock-forming  mineral  is 
amphibole,  relate  to  the  second  type. 

Distribution  of  MgO  and  Si02,  according  to  the  data  of  petrochemical  investigations,  is  given  in 
Fig.  1.  Attracts  attention  low  magnesian  property  of  rocks  (>10%  in  individual  samples)  at  average 
level  of  silica  content  at  65-70%.  Histogram  has  clearly  expressed  bimodal  appearance.  It  seems 
that  xenoliths  characterize  lower  parts  of  the  Earth’s  crust.  This  is  the  so  called  “basalt”  layer  with 
increased  mafic  property  (Si02  30-40%)  at  average  magnesian  property  of  9-13%.  In  its  turn  the 
core  of  boreholes  makes  it  possible  to  characterize  only  upper  levels  of  the  crust  within  “granite” 
layer.  In  the  rocks  of  the  layer  the  content  of  Si02  reaches  65-70%  at  magnesian  property  less  than 
5%.  The  adduced  data  testify  about  the  spreading  of  metarocks  of  moderate  petrochemical 
specialization  in  the  section  of  the  crust  of  Yakutian  kimberlite  province.  The  rocks  with  indications 
“ultra”  (ultrabasic,  alkaline-basic,  alkaline-sour)  are  not  revealed  in  the  section. 

Geodynamic  conditions  of  crust  formation 

Material  characteristics  of  metarocks  and  structural  interrelation  of  mineral  masses  make  it  possible 
to  restore  geodynamic  conditions  of  formation  of  the  Earth’s  crust  within  Yakutian  kimberlite 
province.  It  was  established  by  geochronological  investigations  that  the  formation  of  crust  occurred 
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in  the  course  of  two  stages.  In  Archean  there  was  the  development  of  geosyncline  with  the 
formation  of  the  section  of  volcanic  (tholeitic  basalts)  and  sedimentary  (terrigenous  and  carbonate 
formations)  rocks.  On  the  boundary  of  3.0  milliard  years  the  primary  crust  suffered  regional 
metamorphosis  of  granulite  facies  in  the  result  of  global  compression  of  mineral  masses.  Later,  in 
Late  Archean-Early  Proterozoic  (1. 8-2.0  milliard  years)  on  the  contacts  of  granulite  blocks  there 
occurred  laying  of  zones  of  fluid  permeability  and  diaphthoresis  and  creation  of  P-T  conditions 
corresponding  to  amphibolite  facies  of  metamorphosis. 


8  EH  b 

Phc.  1.  Pacnpefle/jeHHe  conepxaHHH  MgO  h  Si02  b  noponax  3 e m h o h 
Kopbi:  a  -  o6pasubi  H3  KepHa  rflyGoKHX  ckbqmcmh,  b  -  oGpaaubs 
KCeHOJIHTOB  KOpOBbIX  nopOfl  H3  KHMGep  JIHTOBbIX  TpyGOK. 

Fig.  1.  Distribution  of  content  of  MgO,  Si02  in  the  rocks  of  the  Earth’s  crust:  a  -  xenoliths  from 
kimberlites,  b  -  samples  of  core  of  deep  boreholes. 


Collisional  interrelation  of  the  crust’s  blocks  in  zones  of  diaphthoresis  may  be  equated  with  global 
thrust-faults.  Directly  in  collisional  zones  there  occurred  magmatic  phenomena:  due  to  melting  of 
Archean  gneisses  massifs  of  anorthosites  (with  the  size  to  15-20  km)  -  monomineral  plagioclase 
rocks,  were  formed. 

A  rather  limited  spectrum  of  magmatic  rocks,  which  were  formed  both  at  the  first  and  the  second 
stage  of  the  crust’s  evolution,  attracts  attention  to  itself:  those  are  basalts  -  derivatives  of  mantle 
substrate  at  the  initial  stage  of  primary  mantle  differentiation,  as  well  as  the  products  of  the  crust’s 
melting  -  basic  and  moderately  sour  rocks.  One  may  suppose  that  the  crust  was  forming  in 
conditions  of  tangential  compression  and  all  geodynamic  system  is  similar  to  the  system  of  the 
closed  type.  As  a  consequence  in  the  section  of  the  crust  no  noticeable  effect  of  endogenic  mantle 
processes  is  revealed,  which  is  expressed  in  the  absence  of  magmatic  rocks  of  ultrabasic,  alkaline- 
basic  and  alkaline-sour  specialization. 

Petrological  interpretation. 

It  is  considered  to  have  been  proved  that  the  centres  of  kimberlite  magma  and  magmas  of  associated 
rocks  are  formed  in  the  areas  of  ascending  flows  of  fluids  from  lower  mantle  (3).  Juvenile  substance 
is  involved  in  reactions,  which  is  supported  by  indications  of  metasomatic  transformations  in 
nodules  of  mantle  rocks.  One  can  suppose  that  the  intensity  of  chemical  reactions  depends  not  only 
on  inertia  of  juvenile  substance’  components  (rare-earth  elements,  noble  gases,  alkali,  N,  C02,  H20, 
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Cl,  H2S,  P205),  but  on  the  degree  of  lithosphere’s  permeability.  A  supposition  follows  that  in 
geodynamic  systems  of  closed  type,  the  pattern  of  which  is  the  Earth’s  crust  of  kimberlite 
provinces,  metasomatic  transformations  on  individual  sites  in  the  upper  mantle  have  anomaly 
character.  This  is  of  its  kind  process  of  “anti-depletion”  or  secondary  benefication  of  the  mantle. 
One  can  also  suppose  that  favourable  conditions  for  diamond-formation  (in  particular  by  model  of 
redox-melting)  are  created  in  the  closed  geodynamic  system. 
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Introduction 

Investigations  with  the  aim  of  perfecting  the  methods  of  kimberlites  and  associated  rocks’ 
forecasting  keep  on  being  relevant.  One  of  perspective  directions  is  investigation  of  the 
structure  of  geophysical  fields:  magnetic  one,  the  field  of  gravitational  force, 
electromagnetic  and  seismic  fields.  It  is  taken  into  account  therewith  that  solutions  of 
reverse  tasks  of  geophysics  from  mathematical  point  of  view  are  related  to  the  category  of 
“noncorrect”  ones.  In  practice  it  is  expressed  in  multiversion  of  resulting  constructions: 
several  geological  models  can  simultaneously  satisfy  the  field  under  observation.  Complex 
analysis  of  geophysical  data  is  one  of  the  ways  to  increase  reliability  of  constructions.  In 
this  case  the  aim  is  to  construct  the  model  of  a  geological  section,  different  parameters  of 
which  do  not  contradict  each  other.  Below  there  are  the  results  of  an  experiment  with 
application  of  geophysical  material  concerning  Yakutian  kimberlitic  subprovince. 

Methods  of  geophysical  data  processing 

The  territory  of  Yakutian  kimberlitic  subprovince  is  located  within  the  limits  of  eastern 
part  of  the  Siberian  Platform  and  is  related  to  the  category  of  the  most  investigated  one 
by  regional  and  small-scale  geophysical  methods.  They  include  areal  survey  by  method  of 
magnetotelluric  sounding,  areal  and  profile  exploration  by  deep  seismic  method, 
magnetic  and  gravitational  surveys  of  1  :  200  000  scale.  The  methods  of  interpretation  of 
magnetotelluric  sounding  were  based  on  construction  of  pseudogeoelectrical  sections 
with  the  help  of  controlled  transformation  of  Molochnov  -  Le  Viyet.  This  procedure  was 
carried  out  after  preliminary  dynamic  correction  of  initial  data  MTS  (1)  on  the  basis  of 
three-dimensional  film  modelling.  Such  an  approach  allowed  to  minimize  distortions 
determined  by  surface  heterogeneity  and  assess  specific  features  of  distribution  of 
resistance  in  the  Earth’s  crust.  Processing  and  interpretation  of  magnetic  and 
gravitational  field  values  was  based  on  investigation  of  spectrum  signal.  The  aim  was  to 
determine  petrophysical  and  spatial  parameters  of  the  targets,  to  which  the  effect  in  this 
or  that  part  of  the  spectrum  corresponded.  It  was  revealed  that  the  structure  of 
gravitational  and  magnetic  fields  was  characterized  by  common  regional  trend.  In  the 
transformed  magnetic  field  it  is  expressed  in  the  change  of  values  from  50  to  120  nT  in 
northern  direction  and  in  gravitational  field  in  increasing  of  values  with  gradient  0.06 
mGl\km.  Data  analysis  of  deep  seismic  exploration  has  indicated  that  the  trend  of  Moho 
surface  is  described  in  similar  way  with  the  growth  of  thick  layers  of  the  Earth’s  crust  at 
gradient  of  1.5\100  km.  By  combining  these  parameters  calculation  of  gravitating  effect 
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created  by  the  Earth’s  crust  has  been  gained.  Further  on  the  same  computational 
operation  was  carried  out  for  individual  layers  of  the  crust  separated  by  Conrad 
discontinuity.  The  position  of  this  discontinuity  was  also  determined  according  to  the 
data  of  seismic  exploration.  Subsequent  reduction  of  potentional  fields  allowed  to  exclude 
the  influence  of  sedimentary  cover’s  section,  thick  layers  of  which  vary  from  1.1  to  7.0  km 
(according  to  the  data  of  drilling  and  seismic  exploration).  In  the  result  of  the  performed 
computational  operations  complex  geophysical  model  of  consolidated  Earth’s  crust  within 
Yakutian  kimberlitic  subprovince  has  been  drawn  up  and  regionalization  of  the  territory 
according  to  specific  features  of  distribution  of  mineral  masses  in  the  section  of  the  crust 
has  been  started. 

Results  of  the  territory’s  regionalization 

Classification  of  geophysical  heterogeneities  in  the  section  of  the  Earth’s  crust  made  it 
possible  to  reveal  two  main  types  of  geostructural  areas  within  the  borders  of  the  noted 
territory:  block  and  linear-zonal  ones.  Tyungsky,  Aykhal’sky  and  Botuobinsky  blocks  are 
refered  to  the  first  type.  In  magnetic  and  gravitational  fields  the  blocks  are  responded  by 
anomalies  of  decreased  values  with  specific  low-gradient  close  to  isometric  in  shape 
anomalies  of  the  second  order.  Average  specific  density  of  rocks  in  blocks  is  assessed  in 
2. 8-3.0  g/cnr\  and  velocity  of  seismic  waves’  propagation  in  6.6-6.77  km/sec.  Close  to 
single-criterion  character  of  electromagnetic  field’s  distribution,  high  resistance  of  the 
crust  in  its  upper  part  with  availability  of  contrast  conducting  layer,  as  well  as  lateral 
stability  of  the  types  of  geoelectrical  section  within  each  block  are  earmarked  for 
geostructural  areas  of  block  type.  Geostructural  areas  of  linear-zonal  type  have  principally 
different  geophysical  image.  They  are  distinguished  by  extended  linear  anomalies  of 
diverse  symbol  in  gravitational  and  magnetic  fields.  Velosity  of  springy  oscillations’ 
propagation  within  the  zones  constitutes  6.5-6.55  km/sec.  Electromagnetic  field  within 
their  limits  carries  quasi-two-criterion  character  with  gradient  distribution  of  resistance 
along  lateral  and  polarizes  in  accordance  with  the  direction  of  linear  structures.  Making 
use  of  the  data  about  composition  of  crystalline  basement  (xenoliths  of  crustal  rocks  in 
kimberlites,  core  of  deep  boreholes)  one  can  make  the  following  conclusions  about  the 
structure  of  the  region’s  crust.  Evidently,  geostructural  areas  of  block  type  represent  the 
nucleus  of  granulite  filling,  which  are  composed  mostly  by  metabasalts.  They  are  the  most 
ancient  formations  in  age,  the  forming  of  which  completed  in  the  period  of  1.902.0 
milliard  years.  Geostructural  areas  of  linear-zonal  type  respond  to  the  zones  of  collisions, 
which  were  formed  in  the  result  of  tectonic  interaction  of  the  described  above  blocks  in 
the  period  of  1.7- 1.8  milliard  years.  They  are  gigantic  overthrusts  with  developed 
migmatization  and  diaphthoresis  in  the  section.  Magmatic  complexes  are  represented  by 
anorthosites  and  intrusive  granites.  The  rocks  have  suffered  regressive  metamorphosis 
before  amphibolite  facies. 

So  far  within  the  explored  area  5  kimberlite  fields  have  been  allocated,  each  of  which 
contains  pipes  with  industrial  level  of  diamondiferousness.  It  is  noticeable  that  all 
kimberlite  fields  are  drawn  towards  the  borders  of  geostructural  areas  of  the  block  type  in 
the  place  of  their  joint  with  the  zones  of  contiguous  deep-seated  faults,  but  no  kimberlites 
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have  been  found  within  the  areas  of  linear-zonal  type.  It  is  possible  that  there  is 
interrelation  between  distribution  of  mineral  masses  in  the  section  of  consolidated  crust 
and  material  characteristics  of  upper  mantle  substrate. 
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South  Africa 

The  structural  and  metamorphic  evolution  of  the  crust-mantle  transition  of  the  Kaapvaal  craton 
is  poorly  understood.  Yet  the  record  of  activity  along  this  fundamental  chemical  and  rheological 
boundary  within  the  lithosphere  is  of  general  importance  to  understanding  the  evolution  of  the 
underlying  diamondiferous  mantle.  As  a  complement  to  our  ongoing  studies  of  exposed  deep  crust 
and  upper  mantle  in  the  Vredefort  crustal  cross-section,  we  are  completing  a  U-Pb  zircon  dating 
study  of  lower  crustal  xenoliths  and  an  eclogite  xenolith  from  the  Lace  kimberlite,  150  km  southwest 
of  the  Vredefort  structure.  The  Lace  kimberlite  is  known  for  its  relative  abundance  of  crustal 
xenoliths  of  both  felsic  and  mafic  compositions.  A  previous  study  of  felsic  sapphirine-bearing 
xenoliths  (paragneiss)  reported  equilibration  in  the  granulite-facies,  and  a  complicated  pattern  of 
zircon  dates  interpreted  to  reflect  metamorphism  at  ca.  2.58  Ga  (Dawson  et  ah,  1997).  Our  study 
has  focused  on  U-Pb  zircon  dating  of  a  subordinate  population  of  granulite-  facies  mafic  xenoliths. 

We  have  selected  five  xenoliths  for  study,  and  these  range  in  composition  from  garnet  pyroxenite 
to  garnet-clinopyroxene  metagabbro.  The  metamorphic  assemblages  suggests  equilibration  at 
pressures  of  between  0.8  GPa  and  1.2  GPa.  The  pyroxenite  is  very  coarse-grained  whereas  the  grain 
size  within  single  metagabbro  xenoliths  ranges  from  very  fine  grained  to  coarse  with  fine-grained 
bands.  The  fine-grained  bands  correspond  to  mylonitic  seams  in  which  all  minerals  exhibit  evidence 
of  grain-size  reduction.  Quartz  ribbons  are  locally  preserved.  Zircon  from  the  coarse  grained 
xenoliths  is  generally  euhedral  and  prismatic  suggesting  primary  crystallization  from  a  liquid, 
whereas  highly  sheared  samples  yield  grains  that  are  dominantly  anhedral  and  highly-resorbed. 
Cathodoluminescence  imaging  reveals  concentric  planar  growth  banding  within  the  euhedral  grains, 
and  this  is  consistent  with  an  igneous  origin.  Resorbed  zircons  exhibit  planar  growth  banding  that  is 
truncated  by  the  grain  surface,  and,  locally,  is  overprinted  by  brightly  luminescent  unzoned  patches 
that  extend  from  the  edge  of  the  grain.  High  precision  isotope  dilution  analysis  of  single  euhedral  and 
resorbed  grains,  and  fragments  of  imaged  grains,  has  been  carried  out  in  order  to  date  the  time  of 
primary  and  secondary  crystallization. 

Our  present  data  set  points  to  episodes  of  late  Archean  and  mid-Proterozoic  activity  in  the 
Kaapvaal  lower  crust.  Zircons  from  three  of  the  five  xenoliths  define  a  discordia  line  intersecting 
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concordia  at  2682  +1-7  Ma  (2  sigma),  with  euhedral  grains  giving  least  discordant  results.  This  late 
Archean  age  is  interpreted  to  date  the  primary  crystallization  of  the  gabbros  in  the  lower  crust,  and 
represents  the  first  evidence  for  Neoarchean  (Ventersdorp?)  magmatic  intraplating  of  the  Kaapvaal 
lithosphere.  Interestingly,  the  intrusion  of  basaltic  magmas  into  the  lower  crust  beneath  Lace 
coincides  broadly  with  re-setting  of  some  At/ At  geochronometers  in  the  Barberton  Greenstone  Belt 
to  the  northeast  (Lopez-Martinez  et  al.,  1992)  and  with  melting  of  deep  crust  at  Vredefort  (Moser 
and  Hart,  unpublished  data).  Although  the  horizontal  and  vertical  extent  of  2.68  Ga  intraplating 
remains  unresolved,  the  coincidence  of  this  event  with  some  Re-Os  model  ages  for  mantle  nodules 
(Pearson  et  al.,  1995)  suggests  that  it  may  have  played  a  significant  role  in  the  thermal  evolution  of 
domains  within  the  Kaapvaal  lithosphere. 

The  lower  intercept  of  the  zircon  discordia  line  is  less  precise,  giving  an  intercept  age  of  2038  +/- 
27  Ma  (2  sigma).  Resorbed  zircon  grains  yield  the  most  discordant  analyses.  This  age  determination 
overlaps  the  ages  of  both  the  2.06  Ga  Bushveld  event  (Walraven  et  al.,  1990)  and  2020+/-3  Ma 
Vredefort  impact  event  (Moser,  1997).  The  greater  abundance  of  the  resorbed  zircons  in  the  fine¬ 
grained,  mylonitized  metagabbros  permits  the  interpretation  that  the  resorption  and 
recrystallization  of  zircon  accompanied  the  shearing  event.  Based  on  our  parallel  study  of  Vredefort 
lower  crust,  which  fails  to  reveal  any  deep-crustal  Bushveld-aged  metamorphic  assemblages,  it  is 
likely  that  recrystallization  and,  perhaps,  deformation  in  the  deep  crust  beneath  Lace  was 
precipitated  by  the  Vredefort  impact  event.  As  with  the  2.68  Ga  event,  the  pervasiveness  of 
Vredefort-related  reactivation  of  the  Kaapvaal  lithosphere  remains  to  be  ascertained.  We  have 
recently  discovered  zircons  in  an  eclogitic  xenolith  from  Lace,  and  the  results  from  this  mantle 
sample  will  be  presented  for  comparison  with  the  chronology  of  lower  crustal  events  described 
above. 
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The  presence  of  abundant  Cretaceous  and  Tertiary  fossils  in  kimberlite  mudstone  and  shale  xenoclasts 
within  many  pipes  in  the  Lac  de  Gras  kimberlite  field  has  important  implications  regarding  age 
constraints  on  pipe  emplacement  and  the  paleogeography  of  the  region.  Palynomorphs  (pollen,  spores, 
and  dinoflagellates)  are  particularly  common  and  widespread  within  crater  sediments  and  xenoclasts. 
Rare  fossilized  leaves,  turtle  bones  and  fish  parts  have  also  been  recovered  from  a  few  of  the  pipes. 
Most  fossils  occur  in  xenoclasts  within  crater  facies  kimberlite  and  represent  fragments  within 
Cretaceous  and/or  Tertiary  strata  that  were  penetrated  by  and  incorporated  into  rising  kimberlites. 

In  most  cases,  the  youngest  fossils  within  the  xenoclasts  are  of  late  Paleocene  age  implying  post- 
Paleocene  kimberlite  emplacement.  The  youngest  palynomorphs  recovered  to  date  from  xenoclasts  and 
epiclastic  sediments  in  the  Lac  de  Gras  pipes  are  pollen  and  spores  of  late  Paleocene  age.  Typical 
assemblages  include  representatives  of  Betula ,  Carya,  Cercidiphyl/um,  Momipites  as  well  as 
Paraalnipollenites  altemiporus  and  Triporopollenites  mullensis. 

Nearly  100  species  of  palynomorphs  have  been  recovered  from  Lower  to  uppermost  Cretaceous  (Albian- 
Mastrician)  shale  xenoclasts  in  Lac  de  Gras  pipes.  Most  samples  contain  dinoflagellates  which  are 
restricted  to  marine  environments.  Parts  of  skull  bones,  fin  rays,  and  scales  from  telost  (ichthyodectid) 
fish  of  probable  Turonian  age  have  been  recovered  from  the  Point  Lake  Pipe.  Fish  scales  and  other  parts 
of  fish  were  recovered  from  a  depth  of  approximately  100  m  in  the  Nancy  pipe.  This  particular  fish  scale 
horizon  is  recognized  as  an  important  marker  of  the  Albian-Cenomanian  boundary  through  the  Interior 
Plains  and  Arctic  regions  of  North  America.  Fossil  evidence  reveals  that  prior  to  emplacement  of  the 
Lac  de  Gras  pipes,  Archean  rocks  in  the  area  were  overlain  by  a  veneer  of  mainly  marine  Cretaceous 
strata  and  lacustrine  Paleocene  strata.  ATI  of  these  units  were  subsequently  completely  eroded 

Fossils  have  also  been  recovered  from  Crater  facies  epiclastic  mudstones  that  were  deposited  following 
kimberlite  emplacement.  For  example,  fossil  pollen  grains,  leaves  and  a  turtle  bone  of  late  Paleocene 
age  were  recovered  from  a  thick  (>100  m)  succession  of  aeolian,  organic-rich  and  thermally  immature 
mudstones  that  overlie  the  Sue  kimberlite.  In  this  case,  kimberlite  preceded  late  Paleocene  time. 
Emplacement  of  kimberlites  at  Lac  de  Gras  therefore  occurred  during  at  least  two  intervals:  pre-late 
Paleocene  (e.g.  Sue  pipe)  and  post-late  Paleocene.  Rb-Sr  dating  of  the  phlogopite  megacrysts  from 
some  of  the  pipes  have  yielded  ages  of  53.2  +  3.8  Ma  (Collerson,  K.D.,  1995,  pers.  comm.)  and  47.5 
±  2  Ma  (Davis, W.J.,  1996,  pers.  comm.) 

The  presence  of  wood,  leaves,  pollen  grains,  and  turtle  bones  suggest  that  large  conifer  trees  and 
reptiles  thrived  in  the  area  during  early  Tertiary  time.  Climatic  conditions  throughout  northern  Canada 
were  remarkably  warm  and  humid  during  the  Paleocene-Eocene  interval.  Rich  assemblages  of  pollen 
from  a  variety  of  plants  and  trees  have  been  recovered  from  strata  in  this  interval  throughout  the  Arctic. 
Redwood  forests  containing  Metasequoia  as  well  as  crocodile  and  turtle  remains  are  known  from 
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Paleocene  and  Eocene  strata  nearly  1000  km  north  of  Lac  de  Gras  in  the  northern  Canadian  Archipelago 
at  about  77°  north  latitude  (Estes  and  Hutchinson,  1980;  Basinger,  1991).  The  Lac  de  Gras  Paleocene 
forest  may  represent  a  southern  extension  of  that  same  high  Arctic  forest  complex. 

Wood  occurs  in  various  states  of  preservation,  from  “fresh”  to  deeply  carbonized  in  several  of  the  pipes 
and  vitrinite  reflectance  values  have  been  employed  to  determine  approximate  thermal  variations 
between  the  crater  and  diatreme  facies  (Stasiuk  et  al.,  1998).  Unusually  well  preserved  wood  was 
recovered  at  a  depth  of  30  to  40  m,  within  the  crater  of  the  Panda  pipe.  Several  hundred  pieces  of 
wood,  including  some  parts  of  logs  up  to  1-2  metres  long  as  well  as  tree  stumps  have  been  recovered. 
A  moderate  amount  of  mineral  matter  occurs  within  the  cell  lumens,  but  for  the  most  part  the  organic 
material  of  the  cell  walls  is  intact  and  has  not  been  affected  by  mineralization  such  that  the  anatomical 
features  of  wood  cell  walls  are  well  preserved.  Annual  rings  are  distinct,  with  an  abrupt  change  from 
early  to  late  wood.  The  thickness  of  the  late  wood  is  moderate,  and  the  rings  are  relatively  narrow. 
These  features  are  typical  of  wood  growing  under  mesic  seasonal  conditions.  Narrow  rings  and  general 
lack  of  curvature  of  the  rings  are  consistent  with  peripheral  wood  in  large  (>1  m  diameter)  trees.  Wood 
of  this  general  type  is  consistent  with  the  Taxodiaceae  (redwood  family)  and  Cupressaceae  (cedars). 
The  presence  of  smooth  crosswalls  of  the  wood  parenchyma  and  ray  parenchyma  exclude  such  forms 
as  Glyptostrobus  and  Taxodium.  The  wood  is  most  similar  to  the  redwoods  Sequoia  and  Metasequoia 
which  are  generally  indistinguishable  from  one  another  on  the  basis  of  wood  morphology.  Metasequoia 
is  one  of  the  most  common  swamp  plants  of  the  Eocene  in  mid  to  high  latitudes,  and  is  ubiquitous  within 
northern  Paleogene  (Paleocene-Oligocene)  deposits  (Basinger,  1991). 

Carbonized  leaf  fragments  have  been  noted  in  xenoclasts  within  the  crater  and  diatreme  facies  of  several 
pipes.  A  whole  leaf  was  recovered  from  a  succession  of  epiclastic  kimberlite  in  the  Sue  pipe.  The  leaf 
is  Trochodendroides  cf.  T.  speciosa  (Berry)  often  referred  to  in  the  literature  as  the  extant 
Cercidiphyllum  arcticum.  The  species  is  common  in  Paleocene  but  less  common  in  Eocene  sediments 
throughout  the  Interior  Plains  and  Arctic  regions  of  North  America.  Very  often  it  is  associated  with 
pollen  and  wood  of  the  Taxodiaceae,  including  Metasequoia  (Brown,  1962).  In  addition,  late  Paleocene 
mudstones  in  the  same  kimberlite  crater  have  yielded  fragments  of  unidentified  insects,  snails  and,  the 
proximal  (upper)  part  of  a  femur  bone  from  a  fresh-water  turtle  (Fig.  1).  Turtles  are  widely  distributed 
in  Paleocene  and  Eocene  continental  deposits  throughout  the  Interior  Plains  but  are  also  known  from 
high  latitudes.  Several  species  from  lower  Eocene  strata  on  Ellesmere  Island  in  the  Canadian  Arctic 
Archipelago  appear  to  be  endemic  to  Arctic  regions  (Estes  and  Hutchinson,  1980). 

The  discovery  of  Cretaceous  and  Tertiary  fossils  within  kimberlite  pipes  in  the  Lac  de  Gras  area  has 
helped  resolve  some  long  standing  regional  geological  problems  in  the  mainland  of  northern  Canada. 
Previously,  it  was  not  known  that  Cretaceous  and  Tertiary  strata  were  deposited  in  the  Slave  Structural 
Province,  a  segment  of  the  stable  North  American  Craton  in  which  all  trace  of  these  strata  have  been 
removed  by  erosive  mechanisms  since  Tertiary  time.  It  has  to  be  concluded  that  the  Cretaceous 
Western  Interior  Seaway,  which  extends  in  a  north-south  direction  east  of  the  Cordillera  must  have 
extended  several  hundred  kilometres  farther  to  the  east  than  previously  thought. 
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Figure  1  -  The  proximal  (upper)  part  of  a  femur  bone  of  a  fresh-water  turtle  within 
organic-rich  mudstone.  Recovered  from  the  Sue  pipe.  Scale  bars  are  in  centimetres. 


Figure  2  -  A  whole  leaf  from  Trochodendroides  cf.  T.  speciosa  (Berry)  within  epiclastic  mudstone  is 
often  referred  to  in  the  literature  as  the  extant  Cercidiphyllum  arcticum.  The  pencil  is  14  cm.  in  length. 
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Geodynamic  controls  on  the  distribution  of  diamondiferous  kimberlites 

Natapov,  L.1  and  W.L.  Griffin,  W.L1-2 

1  -  GEMOC  National  Key  Centre,  School  of  Earth  Sciences,  Macquarie  University,  NSW  2109,  Australia  . 

2  -  CSIRO  Exploration  and  Mining,  P.O.  Box  126,  North  Ryde,  NSW  21 13,  Australia 

It  is  well  known  that  kimberlitic  diamonds  are  closely  associated  with  Archaean  lithospheric  mantle 
that  is  rich  in  low-Ca  harzburgite  and  contains  eclogite.  In  Phanerozoic  time,  Archean  mantle  with 
such  properties  has  been  the  main  locus  of  diamond-bearing  kimberlite  magmas.  The  mechanisms  for 
generating  this  type  of  mantle  have  been  discussed  for  at  least  20-30  years.  Models  involving 
generation  of  the  mantle  peridotite  by  extraction  of  komatiites  or  thick  basaltic  crust  are  often  proposed 
to  explain  this  phenomenon;  other  models  invoke  the  subduction  of  oceanic  lithosphere  to  explain  the 
high  degree  of  depletion  and  the  low  geotherm  of  Archean  mantle.  The  existence  of  volcanic  rocks 
of  the  calc-alkaline  series  in  the  basement  of  ancient  continents  may  be  evidence  for  the  existence  of 
these  subduction  zones  in  the  past. 

Many  ancient  continents  are  composed  of  Archean  terranes  which  are  sutured  by  Proterozoic  mobile 
belts,  or  joined  along  major  shear  zones.  Comparisons  with  modem  tectonic  settings  suggest  that  the 
nature  of  the  terranes  is  diverse:  continental  massifs,  magmatic  arcs  (including  island  arcs),  blocks  of 
oceanic  crust.  The  sizes  of  Archean  terranes  varies  widely  as  well.  Siberian  and  North  China  terranes 
may  have  areas  on  the  order  of  10  km  ,  while  other  terranes  may  be  quite  small,  as  in  the  Slave 
Craton  (Griffin  et  al.,  this  vol.).  The  presence  of  the  favourable  ancient  mantle  mentioned  above 
beneath  some  terranes  must  be  the  main  condition  controlling  the  distribution  of  diamond-bearing 
kimberlite  on  ancient  platforms. 


Fig.  1.  The  Yakutian  kimberlite  province,  with 
terrane  boundaries  (thick  lines),  kimberlite  fields 
with  orientation  of  kimberlite  bodies.  KR, 
Kyutungde  aulacogen  (Devonian).  V,  calc- 
alkaline  volcanics  in  the  basement  terranes. 


During  Phanerozoic  time,  the  eruption  of  the 
kimberlite  magmas,  entrainment  of  diamonds 
from  the  mantle,  and  rapid  ascent  of  the 
magmas  to  the  surface  were  closely  related  to 
episodes  of  lithospheric  extension  and  melting. 
Two  conditions  are  crucial  for  the  kimberlite  to 
be  diamond  bearing:  (1)  kimberlite  magmas 
must  originate  below,  and  sample  the 
lithosphere  within,  the  diamond  stability  field 
(typically  900  to  1200°C,  40  to  70  kb);  (2) 
eruption  of  the  kimberlite  to  the  surface  must  be 
rapid.  Only  if  these  two  conditions  are  met  will 
the  diamonds  captured  in  the  mantle  be 
preserved  in  the  erupting  magma. 

Kimberlite  fields  of  the  same  age  often 
form  elongated  trends.  These  trends  are  often 
accompanied  by  extension  structures  such  as 
grabens,  dyke  swarms,  and  fault  zones.  The 
length  of  such  kimberlite  trends  can  reach  1000 
km  (Olenek  trend  in  Siberia,  Lucappe  corridor 
of  Angola).  Kimberlite  dykes  and  the  major 
pipe  axes  are  generally  parallel,  but  sometimes 
orthogonal,  to  the  trend  of  the  kimberlite  field. 
Alternatively,  the  kimberlite  bodies  can  cover 
an  isometric  area  with  a  diameter  of  several 
hundred  kilometres.  In  both  cases,  the 
kimberlites  can  be  either  diamond-bearing  or 
barren. 
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Many  of  these  features  of 
kimberlite  volcanism  can  be 
illustrated  by  the  Middle  Paleozoic 
kimberlites  of  the  Yakutian 
province  in  Siberia.  The  ancient 
Siberian  continent  consists  of  a 
series  of  Archean  and  Proterozoic 
terranes  that  have  a  SE-NW  strike 
and  are  separated  by  shear  zones 
(Rosen  et  al,  1994).  Metavolcanic 
rocks  of  the  calc-alkaline  series  can 
be  recognised  among  the 
supracrustal  rocks  of  these 
terrains.  Accretion  of  these 
terranes  to  form  the  Siberian 
continent  took  place  in  Lower 
Proterozoic  time.  In  middle 
Paleozoic  time  the  thickness  of  the 
lithosphere  varied  from  terrane  to 
terrane,  within  the  range  of  230  to 
120  km  (Fig.  2).  The  Olenek 
kimberlite  trend  crosses  all  these 
terranes  in  North  Western 
direction  (Fig.  1).  From  SW  to 
NE  the  dominant  age  of  the  kimberlites  within  the  trend  varies  from  360  to  420  My.  The  diamond 
bearing  mantle  is  located  under  SW  part  of  the  trend.  A  major  swarm  of  Devonian  basaltic  dykes 
parallels  the  trend  to  the  SE.  The  Devonian  Vilyui  rift,  farther  to  the  SE,  also  parallels  the  kimberlite 
trend. 


Fig.  2. 


Lithospheric  columns  for  Siberian  terranes, 
numbered  as  in  Fig.  1,  showing  vertical 
distribution  of  harzburgitic  garnets  from 
concentrates. 
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Fig.  2.  Palinspastic  reconstruction:  position  of 
the  Siberian  plate  relative  to  the  Azores  hot 
spot  in  Devonian  time. 


Palinspastic  reconstructions  (Fig.  3)  show 
that  the  trend  appeared  when  the  Siberian 
plate  was  passing  over  a  hot  spot,  which  at 
present  is  located  under  the  Azore  islands. 
Warming  of  the  mantle  and  eruption  of  the 
kimberlites  as  well  as  of  the  relatively 
shallow  basaltic  magmas  were  caused  by 
the  extension  of  the  lithosphere  during  the 
process  of  its  movement  over  the  hot  spot. 
The  sequence  of  events  related  to  this 
extension  is  as  follows.  First,  the  basalt 
dykes  intruded  into  the  crust.  The 
intrusion  of  the  kimberlites  was  the  next 
stage  of  the  process.  The  third  stage  of  the 
extension  resulted  in  the  formation  of  a 
low-angle  detachment  fault  dipping  to  the 
NW.  Finally,  the  Vilyui  rift  zone 
developed  in  the  SE  part  of  the 
detachment.  Kimberlites  and  basalts  are 
located  on  one  side  of  the  Vilyui  rift.  This 
can  be  explained  by  the  orientation  of  the 
Wemike  detachment  zone  (Fig.  4)  In  this 
particular  example,  the  eruption  of  basalts 
and  kimberlites,  as  well  as  the  formation 
the  rift  are  all  interpreted  as  having  been 
caused  by  the  drift  of  the  plate  over  the  hot 
spot. 
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The  presence  of  diamond  in  the  kimberlites  correlates  with  the  thickness  (at  the  time  of  the  kimberlite 
magmatism),  age  and  composition  of  the  lithosphere  under  the  terranes  (Fig. 2).  Studies  of  xenoliths 
and  heavy-mineral  concentrates  (Griffin  et  al.,  1995)  show  that  the  thickness  of  the  Archean 
lithosphere  under  a  diamond  bearing  kimberlite  was  typically  in  the  range  of  190  to  230  km.  Poor 
kimberlites  are  usually  associated  with  lithosphere  that  is  130  to  170  km  thick.  This  lithosphere  may 
be  either  Archean  or  Proterozoic  in  age.  The  small  thickness  of  the  subcontinental  lithospheric  mantle 
beneath  the  NE  part  of  the  Olenek  trend  is  probably  caused  by  thermal  erosion,  and  the  replacement  of 
the  Archean  or  Proterozoic  lithospheric  mantle  by  younger  and  less  depleted  mantle.  This  process 
may  have  been  caused  by  the  Upper  Proterozoic  rifting  that  led  to  the  development  of  the  Udzha 
aulacogen. 


|  Crust  I  ^  I  Magma 

Lithospheric  Mantle  CZ3  Detachment  fault  (shear  zone) 

Lith.-Asth.  transition  (LVZ) 


Fig.  4.  Detachment  model  for  the  linkage  between  the  Vilyui  Rift  and  the 
Siberian  kimberlite  province. 


The  above  mentioned  features  of  the  spatial  distribution  of  kimberlite  are  absent  when  the  lithospheric 
plate  is  rotating  around  a  hot  spot.  Nevertheless,  the  correlation  between  occurrence  of 
diamondiferous  kimberlites  and  the  thickness  and  composition  of  the  subcontinental  lithospheric 
mantle  under  different  terranes  still  holds  true. 
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Diamond  formation  in  the  Earth’s  mantle 


Oded  Navon 

Institute  of  Earth  Sciences,  The  Hebrew  University,  Jerusalem  9 1904, Israel. 

Introduction.  Despite  the  wealth  of  new  and  exciting  information  gathered  in  the 
past  few  years,  a  clear  physical  model  of  diamond  formation  has  yet  to  emerge.  A 
clear  recipe  for  producing  synthetic  diamonds  may  be  obtained,  in  principle,  from  a 
production  engineer  in  a  diamond  factory.  My  feeling  is  that  we  are  not  yet  at  a  stage 
where  we,  as  diamond  geologists,  can  give  a  clear  recipe  for  what  should  be  done  for 
growing  natural  diamonds  in  the  Earth's  mantle.  What  are  the  sources  of  carbon  for 
diamonds?  What  is  the  main  carbon-bearing  species  during  migration  from  the  source 
and  accumulation  at  the  site  of  diamond  formation?  What  are  the  physical 
conditions?  What  is  the  chemical  reaction  for  diamond  formation  and  how  long  does 
it  take  to  grow?  While  good  answers  to  some  of  the  questions  do  exist,  many  are 
lacking.  When  were  diamonds  formed?  More  than  a  decade  after  we  thought  an 
answer  was  given  by  Richardson  and  co-workers,  the  question  is  open  again,  and  the 
range  of  possible  answers  is  from  3.3  Ga  to  just  before  emplacement  at  the  surface. 

Where  is  the  Factory?  Pressures  and  Temperatures  of  Diamond  Formation. 

Diamond  formation  in  the  mantle  takes  place  under  thermodynamically  stable 
conditions.  Thus,  a  first  guess  of  the  pressures  and  temperatures  for  diamond 
formation  is  given  by  a  range  of  reasonable  geotherms  and  the  diamond-graphite 
phase  boundary.  Twenty  years  of  thermobarometry  has  affirmed  conditions  within 
the  diamond  stability  field.  Most  diamonds  record  formation  along  the  35-45  mW/m2 
geotherms  and  close  to  the  diamond-graphite  boundary  (4. 5 -7. 5  Gpa,  950-1 3 50°C). 
Some  diamonds  record  higher  temperatures,  reflecting  thermal  disturbances.  In 
addition  to  the  classical  thermobarometers,  based  on  phase  equilibria  and  major 
element  chemistry,  new  thermometers  and  barometers,  based  on  trace  element 
partitioning  among  phases,  were  introduced.  Although  the  exact  calibration  of  the  "Ni 
in  garnet"  thermometer  is  still  debated,  its  strong  temperature  dependence  is  proved, 
and  the  ability  to  determine  the  temperature  and  pressure  during  trapping  of  individual 
peridotitic  garnets  is  very  useful.  This  is  especially  true  in  light  of  the  recognition  that 
inclusions  trapped  at  different  growth  zones  in  a  diamond  record  different  conditions 
(commonly,  falling  temperature  during  growth).  An  important  development  is  the 
identification  of  diamonds  of  very  deep  origin.  In  the  3rd  IKC  it  was  suggested  that 
ferro-periclase  (magnesio-wustite)  and  associated  enstatites  from  Koffiefontein  and 
Orrorro  are  of  possible  lower  mantle  origin.  Since  then,  new  high  pressure  phases 
were  added.  Majoritic  and  knorringitic  components  in  garnet  inclusions  and  silicate 
spinel  component  in  chromites  suggest  formation  at  depths  in  excess  of  200  km. 
Solid  C02  found  in  diamond  may  also  originate  at  pressures  of  ~7  GPa.  The  recent 
finding  of  periclase,  Ca-Si-  and  Mg-Si-perovskite,  and  a  new  tetragonal  almandine- 
pyrope  phase  in  diamonds  from  San  Luiz,  Brazil  allowed  confirmation  of  the  ultra¬ 
deep  source  of  this  assemblage.  These  inclusions  are,  most  probably,  the  only 
available  natural  samples  of  unaltered  lower  mantle  minerals.  One  indication  of  the 
high  pressure  origin  of  the  San  Luiz  inclusions  was  their  expansion  when  released 
from  their  host  diamonds.  Determination  of  the  internal  pressure  within  mineral 
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inclusions  provides  an  additional  mean  for  diamond  geobarometry.  Garnets  were 
shown  to  be  under  no  pressure,  but  high  internal  pressures  in  olivine  inclusions  may 
allow  barometry.  The  high  internal  pressure  in  fluid  inclusions  trapped  in  fibrous 
diamonds  allowed  determination  of  their  depth  of  origin.  The  high  temperature 
sensitivity  of  the  rate  of  nitrogen  aggregation  in  diamond  makes  it  a  useful 
thermometer.  Even  with  the  lack  of  precise  age  information,  it  can  be  used  to  assess 
the  time-integrated  temperature  that  the  diamond  experienced. 

Where  to  get  starting  materials?  Stable  isotopes  and  the  source  of  carbon.  The 

only  geochemical  information  recorded  in  the  diamond  crystal  (and  not  in  the 
inclusions)  is  the  concentration  and  aggregation  state  of  nitrogen  impurities  and  the 
isotopic  composition  of  C  and  N.  Hydrogen  is  also  present  in  the  diamond  lattice,  but 
few  studies  examined  its 

concentration;  its  isotopic  composition  was  never  measured.  The  distinction  between 
the  carbon  isotopic  composition  of  peridotitic  and  eclogitic  diamonds  is  well  known. 
Peridotitic  diamonds  span  a  narrow  range  around  -5%o,  the  eclogitic  diamonds  span  a 
wide  range  (+3  to  -30%o)  with  clustering  at  around  -5,-10  and  -20%o.  This  difference 
was  interpreted  as  reflecting  different  sources  for  the  carbon:  mantle  carbon  for  the 
peridotitic  suite,  subducted  carbon  for  eclogitic  diamonds.  Studies  of  oxygen  and 
sulfur  isotopes  of  diamond  inclusions  are  also  compatible  with  this  suggestion. 
However,  the  isotopic  signature  of  nitrogen  complicates  the  situation.  Attention  has 
been  drawn  recently  to  the  negative  values  of  S15N  in  most  eclogitic  diamonds. 
Subducted  nitrogen  is  expected  to  be  heavier  and  of  positive  values.  An  alternative 
source  of  carbon  for  eclogitic  diamonds  and  the  commonly  quoted  source  for 
peridotitic  diamond  is  "mantle  carbon"  or  "astheno-spheric  carbon".  The  physical 
picture  of  such  a  source  is  vague. 

What  does  the  factory  look  like?  Diamond  inclusions  and  source  region 
mineralogy. 

The  rocks  at  the  diamond  source  region  are  fairly  well  known:  peridotites  and 
eclogites.  Diamond-bearing  xenoliths  supply  information  on  the  mineralogy  just 
before  the  eruption  time  of  the  kimberlite.  The  minerals  encapsulated  in  the  diamonds 
preserve  the  information  on  the  mineralogy  at  the  time  of  diamond  formation.  If  the 
two  events  are  separated  in  time,  compositional  difference  may  evolve  between  the 
two  suites.  Some  differences  are  documented  in  the  major  and  trace  element 
geochemistry.  However,  in  general,  the  two  suites  present  close  similarity.  In  spite 
of  expanding  research,  only  a  few  new  minerals  or  associations  were  documented  in 
recent  years.  Most,  like  staurolite  or  magnesite  belong  to  the  eclogitic  or  the 
peridotitic  suites.  Only  the  "ultra-deep"  inclusions  may  be  considered  as  a  new  rock 
type.  The  focus  of  research  was  on  integrated  and  more  detailed  studies.  The 
relations  between  inclusion  chemistry,  the  isotopic  composition  of  the  host  diamond 
and  its  nitrogen  content  were  studied  in  detail  for  specific  mines.  Attention  was  also 
given  to  the  relation  between  inclusion  chemistry  and  morphology  and  the  growth 
history  of  their  host  diamond.  Important  observations  include  the  identification  of 
sulfides,  wustite,  and  native  iron  near  the  genetic  center  of  some  Siberian  diamonds, 
the  syngenetic  relation  between  inclusion  and  host  revealed  by  diamond  growth  zones 
that  are  cut  by  inclusions  and  are  not  wrapped  around  them,  and  the  evolution  of 
inclusion  chemistry  from  core  to  rim.  Using  ion-  and  proton-probes  it  is  now  possible 
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to  study  the  trace  element  chemistry  of  the  inclusions  along  with  the  traditional  major 
element  composition.  Such  studies  indicate  a  complex  history  for  many  inclusions. 
For  example,  harzburgitic  garnets  that  are  depleted  in  compatible  major  and  trace 
elements  are  enriched  in  Sr  and  LREE.  These  in-situ ,  spot  techniques  now  allow  the 
examination  of  trace  element  zoning  within  individual  inclusions.  The  recent  finding 
of  Sr  zonation  in  garnet  inclusions  may  indicate  a  young  age  of  some  peridotitic 
diamonds,  or  the  presence  of  an  enriched  component  encapsulated  with  the  garnets  in 
the  inclusions. 

What  are  the  starting  materials?  Oxygen  fugacity  and  volatiles  in  diamonds. 

Carbon  may  be  accumulated  in  some  forms,  including  elemental  carbon  (graphite, 
amorphous  carbon,  or  diamonds),  carbon  bearing  minerals  (e.g.,  carbonates  or 
moissanite  that  are  rarely  found  as  inclusions  in  diamonds),  and  oxidized  or  reduced 
carbon  bearing  fluids.  The  morphology  and  growth  pattern  of  diamonds  suggest 
growth  from  fluid  or  melt,  rather  than  a  solid  state  growth.  Fluids  were  found  in 
diamonds,  but  it  is  interesting  to  note  that  in-situ  determination  of  trapped  fluids 
recorded  only  relatively  oxidized  species  (C-C02-carbonate-H20).  Trace  element 
patterns  of  some  mineral  inclusions  recorded  enrichment  in  incompatible  elements, 
commonly  attributed  to  interaction  with  carbonatitic  fluids.  This  is  surprising, 
because  oxygen  fugacities  indicated  by  mineral  inclusions  in  diamonds  span  a  wide 
range  between  the  iron-wiistite  (IW)  and  fayalite-magnetite-quartz  buffers.  Below  the 
wustite-magnetite  buffer,  CH4  and  other  reduced  species  should  dominate  the  volatile 
assemblage.  Yet,  they  were  never  detected  in-situ  by  IR  measurements.  Such 
reduced  species  were  recorded  in  some  analyses  of  gases  released  from  crashed 
diamonds.  Most  studies  of  fluids  in  diamonds  concentrated  on  the  study  of  trapped 
fluids  in  fibrous  diamonds.  These  diamonds  appear  as  cubes  of  radiating  diamond 
fibers,  or  as  coats  of  similar  material  growing  over  octahedral  diamonds.  They  carry 
varying  amounts  of  microscopic  inclusions  rich  in  water,  carbonates,  silicates  and 
phosphates.  The  uniformity  of  the  chemical  composition  of  inclusions  found  in 
individual  diamonds  and  the  presence  of  multi-phase  assemblage  in  many  individual 
inclusions  suggest  that  they  trapped  a  fluid  (a  volatile-rich  melt  or  low  density  fluid) 
from  which  the  present  mineral  phases  crystallized  during  ascent,  or  at  the  surface. 
The  finding  of  eclogitic  inclusions  within  coated  diamonds  and  of  a  coated  diamond 
in  an  eclogitic  xenolith  attest  to  the  close  association  of  these  fluids  with  the  eclogitic 
environment.  The  major  element  compositions  of  the  fluids  span  a  wide  range  and 
vary  between  carbonate-rich  endmember  and  silica-rich  hydrous  endmember.  Most 
fluids  are  extremely  rich  in  K  and  in  other  incompatible  trace  elements.  The  trace- 
element  patterns  of  fluids  in  diamonds  from  Zaire  and  Botswana  are  highly 
fractionated  and  are  roughly  similar  to  those  of  kimberlites  and  lamproites.  The  fluids 
are  also  rich  in  Ar  and  halogens,  and  reveal  relatively  uniform,  MORB-like  40Ar/39Ar, 
Br/Cl  and  I/Cl.  Carbon  isotope  ratios  of  the  fibrous  diamonds  are  remarkably 
uniform.  The  813C  of  coated  and  cubic  fibrous  diamonds  from  Zaire,  Botswana,  Sierra 
Leone  and  Siberia  vary  between  -5  and  -8%o.  The  5I5N  is  also  uniform  (-2  to  -9%o). 
The  isotopic  composition  Sr  in  Zairian  diamonds  is  similar  to  that  of  their  host 
kimberlites.  This,  as  well  as  the  similarity  in  S13C  and  the  low  aggregation  state  of  the 
nitrogen  in  fibrous  diamonds  led  to  suggestions  of  direct  genetic  relationship  with  the 
host  kimberlites.  In  spite  of  the  similarities,  the  difference  in  major  element 
composition  and  the  association  with  eclogitic  inclusions  and  xenoliths  preclude 
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direct  genetic  relationship.  It  was  suggested  that  fibrous  diamonds  formed  at  the  final 
stages  of  cooling  and  crystallization  of  kimberlite/lamproite-like  melt  at  depth.  Fluids 
were  found  in  other  diamonds  as  well.  C02  was  found  in  brown  diamonds  from  the 
Colorado-Wyoming  province  and  possibly  Siberia.  Cl-rich  hydrous  fluids  were  found 
in  clouds  of  micro-inclusions  in  both  eclogitic  and  peridotitic  octahedral  diamonds 
from  South-Africa,  Siberia  and  China.  The  clouds  also  host  micro-inclusions  of 
carbonate-rich  fluids.  Most  important  is  the  close  association  of  these  hydrous-  and 
carbonate-rich  fluids  with  micro-inclusions  of  garnet  and  clinopyroxene  (in  eclogitic 
diamonds)  or  olivine  and  phlogopite  (in  peridotitic  diamonds)  that  are  also  found  in 
these  clouds.  All  the  fluids  described  here  were  trapped  in  the  diamonds  during 
growth.  They  carry  carbon  and  may  precipitate  diamonds  in  response  to  changes  in  P, 
T,  or  f02.  They  likely  represent  the  solutions  from  which  their  host  diamonds  grew. 

Are  the  competitors  still  around?  The  age  of  diamonds.  The  close  similarity  of 
diamond  inclusions  and  minerals  in  diamondiferous  xenoliths  strongly  suggests  that 
diamonds  were  formed  within  such  rocks  and  are  not  phenocrysts  in  the  erupting 
kimberlite.  Nd  isotopes  suggest  that  garnet  and  clinopyroxene  inclusions  in  many 
diamonds  were  formed  long  before  the  kimberlitic  eruption.  For  the  decade  following 
1984  it  was  held  that  the  majority  of  diamonds  are  old  and  reside  in  the  mantle  for 
long  times.  This  convenient  assumption  is  now  shaken  and  the  field  is  open  for  a  new 
discussion.  Following  the  Pb  and  Nd  model  ages  it  seemed  that  sulfides  and 
harzburgitic  garnets  from  Finsch  and  Kimberley  are  older  than  2.5  Ga.  Nd  isochron 
dating  of  lherzolitic  garnets  and  clinopyroxene  from  Premier  and  Udachnaya  yielded 
ages  of  ^2  Ga  for  both,  again,  much  older  than  the  eruption  age.  In  eclogitic 
diamonds,  Nd  isochron  dating  of  inclusions  in  diamonds  from  Argyle,  Orapa,  and 
Finsch,  fall  in  the  range  of  990-1580  Ma,  400-1400  Ma  before  the  emplacement  of 
their  host  kimberlites.  Model  ages  of  Finsch  single  eclogitic  inclusions  yielded 
similar,  as  well  as  older  ages.  In  contrast,  Nd,  Pb  and  40Ar/39Ar  ages  of  inclusions  in 
Premier  diamonds  are  indistinguishable  from  the  age  of  the  kimberlite  (-1180  Ma). 
Supporting  evidence  for  the  old  formation  age  of  most  diamonds  comes  from  study  of 
N-aggregation  in  diamonds.  Although  there  is  a  strong  T-dependence  of  the 
aggregation  rates,  present  calibrations  combined  with  geothermometry  suggest  long 
residence  times  for  diamonds  rich  in  B-centers.  In  contrast,  zoning  of  Sr 
concentrations  in  Siberian  garnet  inclusions  calls  for  short  residence  times  at  mantle 
temperatures  -  if  stored  for  more  than  105  years,  the  concentration  gradients  must 
homogenize.  When  considered  alongside  the  observations  that  Sr  isotope 
compositions  are  decoupled  from  the  Nd  data,  do  not  form  isochrons,  and  are  un¬ 
supported  by  Rb,  these  data  suggest  that  the  history  of  the  diamonds  and  their 
inclusions  may  be  more  complex  than  that  told  by  Nd  isotopes  alone.  It  is  possible 
that  the  Nd  ages  are  inherited  from  the  garnet  precursor,  and  that  the  crystallization  of 
the  garnet  and  its  host  diamond  occurred  shortly  before  eruption.  Recent  determi¬ 
nation  of  a  Re-Os  model  age  for  Koffiefontein  P-type  diamond  close  to  that  of 
kimberlite  emplacement  also  indicates  that  the  dating  of  diamond  formation  is  still  an 
open  issue. 

Acknowledgments.  References  to  all  the  works  mentioned  here  will  be  found  in  the 
Proceedings  volume.  I  would  like  to  thank  Elad  Izraeli  for  his  help  and  the  Israel 
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Indicator  minerals  in  kimberlites  and  their  respective  stream  sediments, 
Gibeon  Kimberlite  Province,  Namibia 

Nguno  Muatara  Anna-Karren 
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This  study  deals  with  macrocrystic  kimberlite  indicator  minerals  from  Anis  Kubub,  Berseba  Reserve 
(Ovas),  Diamantkop,  Hanaus  2,  Mukorob,  Lichtenfels,  Louwrensia  and  Achterfontein  kimberlite  suite 
from  the  off-craton  Gibeon  Kimberlite  Province  of  Southern  Namibia.  The  aim  was  to  study  the 
composition  and  distribution  of  kimberlite  indicator  minerals  in  the  pipes  and  dykes  as  well  as 
sediments  from  streams  draining  the  kimberlite  area.  Altogether  15  pipes  and  dykes  and  37  stream 
sediments  were  sampled.  Streams  samples  were  mainly  taken  from  trap  sites  where  maximum 
amounts  of  heavy  minerals  were  accumulated  and  from  weathered  surfaces  of  kimberlite  pipes  and 
dykes.  Indicator  minerals  were  hand-picked  from  0.5- 1.0  mm  and  1. 0-2.0  mm  fractions  of  the 
concentrates.  The  minerals  included  purple,  red,  reddish-brown  and  orange  garnets,  black  ilmenite, 
pale  and  emerald  green  chrome  diopside  and  black  chromite.  A  representative  number  of  each 
indicator  mineral  was  analyzed  by  electron  microprobe  in  the  EPMA-laboratory  of  Geological  Survey 
of  Finland  (GSF). 

Ilmenite  tends  to  be  the  most  abundant  indicator  mineral  in  the  study  area  but  its  abundance  varies 
considerably  (from  <  1%  to  95%,  generally  >50%).  Garnets  show  a  similar  variation,  with  the 
proportion  usually  less  than  45%.  The  remainder  consists  mostly  of  chrome  diopside  (generally  <2%, 
maximum  about  30%),  rare  chromite  and  chrome-spinel. 

Compositionally  ,  most  of  the  garnets  fall  in  the  garnet  lherzolite  field,  a  few  plot  in  the  wehlite  field 
and  only  9  in  the  harzburgite+dunite  field  (Fig.  1).  Cr203  contents  of  the  garnet  macrocrysts  range 
from  ~0  wt%  to  ~9  wt%.  The  ilmenites  have  a  fairly  restricted  composition  with  TiCH  48  wt%  ±  2(1 
s.d.),  MgO  between  6.1-15.0  wt%  and  Cr203  1.62  wt%  (average)  +  0.03  (1  s.d.  ).  Cr-diopside  has 
relatively  constant  MgO  of  (16.5  wt%  +  0.4  (1  s.d.),  but  Cr203  varies  between  0.2-2.5  wt%.  The 
spinel  varies  in  composition  from  chrome  spinel  to  low-Cr  chromite  (  average=42  wt%  Cr203). 

In  terms  of  relative  proportion  of  garnets,  Ti02-poor  garnet  (<0.45  wt%  Ti02)  predominates  both  in 
the  pipes  (69%)  and  in  the  stream  sediments  (82%).  In  contrast,  titanium-garnet  (0.45  to  0.  87  wt% 
Ti02)  is  much  lower  abundance  in  the  stream  sediments  and  rare  further  away  from  the  source.  High 
Ti-gamet  (>0.87  wt%  Ti02)  proportions  do  not  show  much  variation  from  pipe  to  stream  sediments 
(Fig.  2.  a,b.). 

Heavy  mineral  studies  show  that  the  general  trend  with  increasing  distance  from  the  source  is  a  drastic 
and  rapid  increase  in  the  proportion  of  ilmenite.  Approximately  5  km  from  the  source  ilmenite 
proportions  both  in  coarse  and  fine  fractions  exceed  80%.  Importantly,  the  original  indicator  mineral 
proportions  of  the  pipes  do  not  affect  this  trend  significantly.  Considering  garnets,  low  Ti-Cr  pyrope  is 
the  most  resistant.  Due  to  its  preferential  cleavage,  Cr-diopside  disintegrates  more  easily  and  therefore 
disappears  rapidly  from  the  coarse  fraction  of  stream  sediments  and  may  temporarily  increase  in  the 
fine  fraction  proximal  to  the  source. 

Presence  of  an  additional  kimberlite  source  contributing  to  a  stream  sediment  can  be  first  detected  in 
an  increase  in  the  abundance  of  garnets  in  the  coarser  fraction,  and  also  in  the  finer  fraction.  Other 
facts  supporting  an  additional  source  include  the  appearance  of  less  durable  garnets  and  often  Cr- 
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diopside,  occasional  appearance  of  ilmenites  with  characteristic  surface  alteration,  garnet  with 
kelyphitic  rims  and  intergrowths  of  either  ilmenite,  garnet  or  Cr-diopside. 


Figure  3  shows  indicator  minerals  abundance  patterns  calculated  from  samples  of  Lichtenfels  area 
(east  of  the  Fish  River.  It  can  be  seen  that  another  source  starts  to  contribute  already  before  1.3  km 
from  the  known  pipe  (0  km).  This  is  confirmed  at  2.2  km  distance  by  a  sharp  increase  in  the  proportion 
of  garnets.  The  4.8  km  site  exhibits  the  normal  ilmenite  increase  without  any  indication  of  new 
sources.  The  sample  from  5.6  km  distance  was  taken  just  after  the  confluence  with  another  stream, 
here  again,  contribution  from  another  source  is  clear.  In  a  successful  exploration  of  diamonds,  the 
understanding  of  the  behaviour  of  the  indicator  mineral  species  during  the  river  transport  is  vital  for 
the  correct  interpretation  of  the  calculated  abundance  patterns  derived  from  stream  sediment, 
especially  in  the  case  of  complicated  drainage  pattern  and  multiple  sources. 


Fig.l.CaO  vs  Cr2C>3  plot  for  macrocryst  garnets  from  the  off  craton  Gibeon  kimberlites. 
(n=  number  of  grains) 


PIPES 


STREAMS 


Fig.2.(a)  Ti02  vs  C^Os  plot  (same  samples  in  Fig.  1.),  (b)  diagram  showing  the  proportions  of  garnet 
in  the  pipes  and  in  the  stream  sediments 
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<1%  STREAM 


this  column 
minerals  l-2mm 


this  column 
minerals  0.5-1  mm 


Fig.3.  The  distribution 
pattern  of  indicator 
minerals  in  stream 
sediment  and  a  known 
kimberlite  pipe. 

The  patterns  indicate 
draining  from  multiple 
sources  (Lichetenfels, 
east  of  the  Fish  River). 
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Spinifex-textured  “harzburgites”  were  first  described  from  the  Betic  Cordilleras  in  SE  Spain,  near 
Cerro  del  Almirez,  10km  north  of  Laujar  de  Andarax,  Almeria  Province,  by  Jansen  (1936)  and  recently 
by  Burgos  et  al.  (1980),  Morten  and  Puga  (1984)  and  in  unpublished  reports  by  Harte  (1988)  and 
Beaven  (1988)  -  Fig  1.  The  abundant  spinifex-textured  rocks  are  associated  with  harzburgites  without 
spinifex  texture  and  serpentinite  in  outcrops  extending  over  2  km.  Beaven  (1988)  describes  a  similar, 
but  smaller  occurrence  20km  to  the  west  at  Montenegro.  The  spinifex  textured  rocks  can  be  classified 
as  komatiites  by  reason  of  their  volcanic  origin  indicated  by  rapidly  crystallised  spinifex  textured 
olivines.  The  present  composition  of  these  rocks  contains  about  10%  more  MgO  than  their  Archaean 
counterparts  (Table  1)  and  could  be  referred  to  as  ultra-high  magnesian  komatiites,  uMgk. 

Field  and  structural  relationships 

The  uMgk  are  associated  with  eclogitic  metabasalts  with  relict  pillow  and  amygdaloidal  structures  and 
the  whole  suite  has  been  grouped  as  metaophiolites  (Puga  et  al.  ,1989).  They  occur  within  the  Nevado- 
Filabride  complex  which  consists  mainly  of  medium  grade  regionally  metamorphosed  garnet 
metapelites.  This  interpretation  constrains  their  age  using  alpine  metamorphic  events  to  between  Trias 
and  Cretaceous,  i.e.,  extremely  young  for  ultramafic  komatiites  virtually  all  of  which  are  Archaean. 
However,  we  believe  that  they  are  of  even  younger  age  since  the  rocks  are  in  fault  contact  with  the 
Nevado-Filabride  garnet  schists  and  lack  a  metamorphic  overprint  compatible  with  that  shown  by  the 
eclogitic  rocks  (Hart,  1988).  Contact  metamorphosed  calcareous  and  ferruginous  proto-Mediterranean 
sea  floor  sediments  represented  by  assemblages  of  tremolite,  humite,  diopside,  dolomite,  specularite 
and  chlinochlore  resulted  from  in/extrusion  of  uMgk.  These  locally  hornfelsed  sediments  form  part  of 
overlying  discontinuous  outcrops  of  the  low  grade  regionally  metamorphosed  higher  Betic  nappes  (Fig 
1).  This  observation  is  consistent  with  the  timing  of  komatiite  emplacement  being  more  recent  (post 
main  alpine  metamorphism)  than  suggested  above,  and  possibly  coeval  with  the  ultramafic  complexes 
of  Ronda  and  Beni  Bousera  (Fig.l). 

Geochemical  considerations  and  comparison  with  Archaean  komatiites. 

MgO  contents  of  the  Spanish  rocks  are  the  highest  recorded  for  spinifex  textured  rocks  (Morten  and 
Puga,  1984).  Archaean  spinifex-textured  non-cumulate  komatiites  rarely  exceed  32%  MgO  on  an 
anhydrous  basis  (Arndt  and  Nisbet,  1982).  It  seems  possible  that  secondary  alteration  may  have 
drastically  increased  their  MgO  content,  but  the  striking  spinifex  texture  of  these  rocks  leave  little 
doubt  that  they  were  originally  high  MgO  liquids  of  some  sort.  However,  the  fairly  low  LOI’s  and  Ti 
contents  (Table  1)  may  argue  against  major  chemical  change  by  alteration.  The  Spanish  uMgk  are 
characterised  by  high  Mg/Fe  ratios  which  are  a  reflection  of  the  abundance  of  magnesian  spinifex 
olivines  (F089-90)  and  granular  orthopyroxenes  (En9o).  The  NiO  contents  are  high,  usually  ascribed  to 
the  forsterite  control  on  fractionation,  but  O2O3  contents  are  similar  to  Archaean  komatiites.  Levels  of 
Al,  Ti  and  CaO  are  greatly  below  the  Archaean  komatiite  ‘norms’  resulting  in  low  Ca0/Al203  ratios. 
These  ultra  depleted  characteristics  of  uMgk  are  apparent  in  the  low  total  REE  contents  which  are 
mostly  below  chondrite  and  much  lower  than  in  Archaean  komatiites  (cf.  1  -  5x  chondrite  in  Western 
Australian  examples;  Claoue-Long  et  al.,  1984).  REE  patterns  are  somewhat  saucer-shaped  with 
marked  HREE  enrichment  (Fig.  2)  and  perhaps  more  compatible  with  peridotitic  residues  that  have 
been  slightly  re-enriched,  or  cumulates  were  it  not  for  their  demonstrably  crystallised  textures.  The 
textures  do  not  appear  to  mimic  the  bladed  olivine  textures  of  secondary,  metamorphic  origin 
sometimes  described  in  altered  ultramafic  rocks  (e.g.  Collerson  et  al,  1976)  although  there  are  strong 
compositional  similarities  with  these  rocks. 


Regional  tectonics,  komatiite  petrogenesis  and  emplacement 

The  notion  of  the  uMgk  requiring  very  high  mantle  potential  temperatures  beneath  this  region,  such  as 
in  a  large  plume,  in  Tertiary  times,  is  not  compatible  with  the  know  tectonic  history  of  the  area.  The 
generation  of  uMgk  could  be  related  to  localised  high  mantle  thermal  gradients  resulting  from  unusual 
tectonic  conditions.  During  convergence  of  the  African  and  European  plates  in  the  Paleogene  an  E-W 
collisional  ridge  with  thickened  roots  developed  in  the  position  of  the  Alboran  Sea  (Fig.  1,  and  Platt 
and  Visser,  1989;  Doblas  and  Oyarzun,  1989).  Convective  removal  of  the  lithospheric  root  at  19  Ma 
(upper  Oligocene),  may  have  allowed  localised  upwelling  of  peridotite  diapirs,  represented  by  Ronda 
and  Beni  Bousera,  both  with  high  PT  mineralogy  (pyrope  and  graphitised  diamond;  Davies  et  al,  (1993 
)  and  Pearson  et  al.  (1989).  The  graphitised  nature  of  the  diamond  in  these  massifs  suggests  hotter  than 
usual  conditions  during  upwelling.  Archaean  mantle  temperatures  required  to  generate  komatiites  in 
Belingwe,  Zimbabwe,  and  Barbarton,  Swaziland  have  been  estimated  at  1800C  and  1900C  respectively 
(Bickle,  1993).  If  the  MgO  contents  of  the  Spanish  uMgk  are  primary  they  would  require  even  higher 
temperatures  which  seems  unlikely  given  their  recent  age.  However,  given  that  the  uMgk  are  closely 
associated  with  serpentinites  it  seems  possible  that  the  melts  were  hydrous  and  hence  could  have  been 
generated  at  temperatures  lower  by  some  250°C  (Parman  et  al.,  1997).  A  hydrous  melt  may  have  also 
promoted  growth  of  the  spinifex  texture.  Another  problem  is  how  the  uMgk  became  so  highly 
depleted.  Morten  and  Puga  (1984)  have  suggested  that  they  were  harzburgites  intruded  as  a  "mush"  but 
recognised  that  textural  evidence  is  against  this,  except  possibly  for  the  lesser  abundant  granular 
harzburgites.  We  have  not  ruled  out  the  possibility  that  the  uMgk  melt  was  generated  at  depths  at 
which  majorite  crystallised  and  sank,  but  below  the  depth  of  olivine  density  cross  over  (Ohtani  et  al., 
1995)  which  floated  and  enriched  the  magma.  The  extent  to  which  the  observed  compositions  and 
textures  are  primary  is  still  being  constrained. 


Fig.l  :  Simplified  map  of  the  western  Mediterranean  area  showing  the  location  of  the  ultra  magnesian 
komatiites  of  Cerro  del  Almirez  and  Montenegro,  Almeria  Province. 
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Ultra  high  Mg  komatiites,  SE  Spain 


Fig.  2  :  REE  analyses  by  G.  Nowell  by  ICP,MS. 
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Introduction 

The  Hf-Nd  isotopic  composition  of  kimberlites,  lamproites  and  megacrysts  presented  by 
Nowell  et  al.  (1998a,b)  and  Nowell  and  Pearson  (1998)  have  significance  not  only  for  constraining 
models  for  their  own  petrogenesis  but  also  for  understanding  the  wider  terrestrial  Hf-Nd  isotope 
budget  and  the  nature  of  global  reservoirs. 

Terrestrial  Hf-Nd  isotope  systematics 

Blichert-Toft  and  Alberede  (1997)  noted  that  in  Hf-Nd  isotope  space,  the  mantle-crust  array 
was  displaced  above  their  revised  Bulk  Silicate  Earth  (BSE)  value  determined  from  a  study  of  25 
chondrites  (Figure  la).  They  also  noted  that,  given  the  observed  Hf/Nd  ratios  of  the  two  most 
prominent  terrestrial  components  at  the  Earth’s  surface,  depleted  mantle  (DM)  and  continental  crust 
(CC),  it  is  not  possible  to  account  for  the  Hf-Nd  isotope  geochemistry  of  BSE.  As  Hf/NdDM  is 
greater  than  Hf/Ndcc,  the  mixing  hyperbola  is  concave  downward  and  lies  above  BSE  (Figure  lb). 
Therefore,  in  order  to  account  for  the  Hf-Nd  composition  of  BSE  Blichert-Toft  and  Alberede  (1997) 
found  it  was  necessary  to  invoke  the  existence  of  at  least  a  third  component  (referred  to  as  X  in  Figure 
lc)  which  would  plot  below  BSE  and  the  mantle  array  in  Hf-Nd  space.  This  ‘missing’  component 
would  compliment  DM  and  CC  as  components  of  BSE. 
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Figure  1.  (a)  Hf-Nd  isotope  variation  of  oceanic  basalts  and  Precambrian  crustally-derived  granites,  (b)  Sketch  of 
mixing  hyperbola  for  CC+DM  given  their  observed  Hf/Nd  ratios,  (c)  BSE  Hf-Nd  composition  requires  the  existence  of 
a  'missing’  component  (X)  that  plots  below  the  line  linking  DM  with  BSE.  DM=  Depleted  Mantle,  BSE=Bulk  Silicate 
Earth,  OIB=Ocean  Island  Basalt,  CC=Continenta!  Crust. 
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Although  the  existence  of  a  third  terrestrial  component  existing  below  the  Hf-Nd  mantle  array  can  be 
inferred  from  the  Hf-Nd  systematics  of  DM-CC-BSE,  Blichert-Toft  and  Alberede  (1997)  noted  that 
there  was  no  direct  isotopic  evidence  for  it  existence,  and  concluded  that  if  it  existed  it  must  reside 
deep  enough  in  the  mantle  that  it  no  longer  constitutes  a  dominant  component  of  the  source  of  modem 
oceanic  or  continental  basalts.  In  order  to  evolve  Hf-Nd  isotope  ratios  below  the  DM-BSE  line 
(heavy  line  in  Figure  la)  this  component  would  have  to  represent  an  ancient  melt  that  was  generated  in 
the  presence  of  residual  garnet.  Blichert-Toft  and  Alberede  (1997)  argued  that  the  most  plausible 
candidate  for  such  a  component  is  old  subducted  oceanic  crust. 
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Figure  2.  Hf-Nd  isotopic  composition  of  kimberlites  (Nowell  et  al.,  1998a),  lamproites  (Nowell  et  al.,  1998b)  and 
megacrysts  (Nowell  and  Pearson,  1998). 

Hf-Nd  isotope  composition  of  Kimberlites,  Lamproites  and  Megacrysts 

The  new  Hf  isotope  data  for  kimberlites,  lamproites  and  megacrysts  (Figure  2)  are  the  only 
terrestrial  samples  yet  analysed  to  show  such  extreme  trends  toward  compositions  below  the  mantle- 
crust  array  in  Hf-Nd  isotope  space.  These  samples  therefore  provide  the  first  direct  isotopic  evidence 
for  the  existence  of  a  component  with  Hf-Nd  isotopic  compositions  appropriate  for  the  component 
invoked  by  Blichert-Toft  and  Alberede  (1997)  to  account  for  BSE.  The  negative  A£Hf  signatures 
(i.e.  values  below  the  Hf-Nd  mantle  array)  of  kimberlites  and  lamproites  imply  that  an  ancient  melt, 
necessarily  generated  in  the  presence  of  garnet,  must  exist  within  their  source  region  (Nowell  et  al., 
1998a,b).  In  addition,  Hf  isotope  data  from  kimberlitic  megarysts  (Nowell  and  Pearson,  1998) 
suggests  that  this  component  may  be  located  in  the  sub-lithospheric  mantle.  We  therefore  concur  with 
Blichert-Toft  and  Alberede  (1997)  that  the  most  likely  ‘missing’  mantle  component  in  Hf-Nd  isotope 
space  represents  ancient  subducted  oceanic  crust  originally  derived  from  a  garnet-bearing  source. 
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The  departure  of  HIMU  (High  |i;  where  |i=2?8U/204Pb)  ocean  islands  away  from  the  main  Hf- 
Nd  mantle  array  in  a  similar  direction  to  Group  I  kimberlites  and  megacrysts  suggests  a  contribution 
from  subducted  oceanic  crust  and  is  entirely  consistent  with  the  models  for  HIMU  based  on  Pb  and 
Os  isotopes. 

References 

Blichert-Toft,  J.,  Albererde,  F.,  1997.  The  Lu-Hf  Isotope  Geochemistry  of  Chondrites  and  the  Evolution  of  the  Mantle  - 
Crust  System:  Earth  Planet.  Sci.  Lett..  148,  p.  243-258. 

Nowell,  G.M.,  Pearson,  D.G.,  1998,  Hf  Isotope  Constraints  on  the  Genesis  of  Kimberlitic  Megacrysts:  Evidence  for  a 
Deep  Mantle  Component  in  Kimberlites:  this  volume. 

Nowell,  G.M.,  Pearson,  D.G.,  Kempton,  P.D.,  Noble,  S.R.,  and  Smith.  C.B.,  1998a,  The  Source 

Regions/Components  of  Kimberlites:  Constraints  from  Hf-Nd  Isotope  Systematics:  this  volume. 

Nowell,  G.M.,  Pearson,  D.  G.,  Kempton,  P.D.,  Irving,  A.J.,  and  Turner,  S.,  1998b,  A  Hf  Isotope  Study  of 
Lamproites:  Implications  for  Their  Origins  and  Relationship  to  Kimberlites:  this  volume. 


630 


Trace  Element  and  Isotope  Geochemistry  of  Siberian  Kimberlites 

Nowell,  G.  M1’2,  Kempton,  P.D2  and  Pearson,  D.G.1 

1.  Department  of  Geological  Sciences,  Durham  University,  South  Road,  Durham,  DH1  3LE,  UK 

2.  NERC  Isotope  Geosciences  Laboratory,  Kingsley  Dunham  Centre,  Key  worth,  NG12  5GG,  UK 

Introduction 

As  part  of  a  larger  study  investigating  the  Hf-Nd  isotope  compositions  of  kimberlites 
and  lamproites  from  South  Africa,  Australia,  and  North  America  (Nowell  et  al.  1998a, 
b),  we  have  undertaken  a  geochemical  survey  of  a  small  number  of  kimberlites  from 
Siberia.  The  areas  under  investigation  include  the  Malo-Botuobinsk  field  (Mir, 
Intemationalaya)  and  the  Daldyn-Alakit  field  (Udachnaya,  Aikhal,  Jubilee,  Sytikanska 
and  Zamitsa);  the  Udachnaya  sample  is  from  the  East  pipe.  Samples  were  collected 
from  open  pit  workings  where  possible,  or  from  dumps,  and  are  mostly  tuffisitic 
kimberlite  breccias  (TKB's)  containing  relatively  abundant  megacrysts  of  magnesian- 
ilmenite,  chrome-pyrope  and  altered  olivine.  Inclusions  of  mega-crystalline  dunites 
are  also  common  in  some  samples.  The  freshest  possible  material  was  obtained,  with 
areas  of  obvious  nontronite  alteration  being  avoided.  Significant  effort  was  expended 
in  picking  out  as  much  of  the  xenolith  and  megacrystic  material  as  possible  during 
sample  crushing. 

Geochemical  Results 

Results  of  trace  element  and  isotopic  analysis  are  presented  in  Table  1  and  Figures  1- 

3.  In  extended  trace  element  diagrams  (i.e.  ‘spider’  plots)  the  Siberian  kimberlites  lie 
within  the  range  of  Group  I  kimberlites  from  South  Africa,  showing  strong  enrichment 
of  the  LREE  as  well  as  relative  depletions  in  Sr,  Hf  and  Zr  (Fig.  1).  Two  samples 
from  the  Aikhal  pipe  (A3  and  A4)  have  virtually  identical  trace  element  patterns, 
except  that  A4  has  significantly  lower  Pb  contents  than  A3.  Sample  M3  has  a  slightly 
different  pattern  for  the  most  incompatible  LIL  elements  when  compared  with  the 
other  Siberian  samples  in  that  it  lacks  a  strong  Ba  spike. 

In  a  plot  of  87Sr/86Sr  vs. 

,43Nd/144Nd  (Fig.  2)  the 
Siberian  samples  define  a  small  1000 
cluster  of  points  that  lie  just 
outside  the  field  of  Group  I  ioo 
kimberlites  from  South  Africa, 
having  slightly  higher  87Sr/86Sr  w 
at  a  given  143Nd/l44Nd.  They 
are  clearly  distinct  from 
Transitional  and  Group  II  1 
kimberlites. 

0.1 

In  contrast  to  their  Sr-Nd 
isotope  systematics,  Pb  isotopes 

for  the  Siberian  kimberlites  Figure  ,  Spider  plot  of  Siberian  kimberlites  compared  with 
show  a  very  wide  range.  Three  Group  I  kimberlites  from  South  Africa.  Concentrations  are 
samples  lie  within  the  field  of  normalized  to  primitive  mantle. 
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Group  I  kimberlites,  but  2  extend  to  some 
of  the  highest  206Pb/204Pb,  207Pb/204Pb  and 
2°8pb/204pb  values  known  for  kimberlites. 
This  is  consistent  with  data  for  similar 
Siberian  kimberlites  (Fig.  3)  described  by 
Fefelov  et  al.  (1991),  who  also  observed 
that  the  higher  ratios  occur  in  the  most 
carbonatized  samples.  Note  that  even 
though  the  two  Aikhal  samples  analyzed  in 
this  study  have  nearly  identical  trace 
element  compositions,  they  have  vastly 
different  Pb  isotope  compositions  (Table 
1),  almost  certainly  acquired  during  or  post¬ 
emplacement. 

Most  of  the  Siberian  kimberlites  intruded  evaporites  and/or  brines  that  are  known  to 
contain  veins  of  calcite,  sulfide  and  bitumen.  Bitumen  is  known  to  have  very 
radiogenic  Pb  isotope  compositions  because  it  typically  contains  disseminated 
uraninite  (Parnell  and  Swainbank,  1990).  Given  the  high  concentrations  of  U  (>1 
wt%)  and  extremely  radiogenic  Pb  compositions  of  some  bitumen  (206Pb/204Pb  >100), 
it  is  possible  that  the  high  ratios  observed  in  the  Siberian  kimberlites  are  a  function  of 
contamination  at  relatively  shallow  levels  in  the  crust  during  emplacement.  This 
contamination  appears  not  to  have  affected  the  Sr-Nd  isotope  or  trace  element 
compositions  of  the  rocks,  presumably  because  the  contaminant  was  relatively  low  in 
these  other  trace  elements. 


Figure  2.  Plot  of  Sr  vs.  Nd  isotopes  comparing 
Siberian  and  South  African  kimberlites. 


Conclusions 


Figure  3.  Plot  of  206Pb/204Pb  vs  207Pb/2{MPb  (a) 
and  208Pb/204Pb  (b)  comparing  Siberian  and 
South  African  kimberlites. 


Siberian  kimberlites  are  similar  to  Group  I 
kimberlites  from  South  Africa.  Pb  isotope 
systematics  have  probably  been  disturbed 
by  shallow  level  contamination  processes 
related  to  emplacement  in  the  evaporite 
country  rock. 

References 

Fefelov,  N.N.,  Kostrovitskiy,  S.I.  and  Zrudneva, 
N.V.,  1991,  Isotopic  composition  of  lead  and  its 
use  to  date  Siberian  kimberlites:  Doklady 

Akademii  Nauk  SSSr,  v.  320,  p.  1466-1469. 
Nowell,  G.M.,  Pearson,  D.G.,  Kempton,  P.D., 
Irving,  A.J.,  and  Turner,  S.,  A  Hf  isotope  study  of 
lamproites:  implications  for  their  origins  and 
relationship  to  kimberlites:  this  volume. 

Nowell,  G.M.,  Pearson,  D.G.,  Kempton,  P.D., 
Noble,  S.R.,  and  Smith,  C.B.,  1998b,  The  source 
regions/components  of  kimberlites:  constraints 
from  Hf-Nd  isotope  systematics:  this  volume. 
Parnell,  J.  and  Swainbank,  I.,  1990,  Pb-Pb  dating  of 
hydrocarbon  migration  into  a  bitumen-bearing  ore 
deposit,  North  Wales:  Geology,  v.  18,  p.  1028- 
1030. 


632 


Table  1:  Trace  element  (ppm)  and  Sr-Nd-Pb  isotope  data  for  Siberian  kimberlites 


Sample 

UV8M 

A3 

A4 

M3 

1-1 

Sc 

12.33 

16.19 

16.82 

10.15 

11.77 

Ti 

1.37 

0.51 

0.52 

1.31 

0.48 

V 

105.70 

71.69 

66.42 

92.93 

60.16 

Cr 

1437.52 

1715.46 

1139.73 

870.24 

1571.60 

Mn 

0.12 

0.10 

0.10 

0.11 

0.12 

Co 

76.75 

65.18 

53.61 

94.54 

56.37 

Ni 

1140.30 

1023.07 

1055.12 

1557.72 

1486.39 

Cu 

59.01 

25.49 

18.97 

38.22 

25.06 

Zn 

33.44 

43.21 

8.79 

44.10 

29.53 

Ga 

4.93 

5.58 

5.35 

4.10 

4.63 

Rb 

30.43 

41.04 

33.03 

20.69 

30.04 

Sr 

593.01 

848.77 

993.73 

339.24 

1131.29 

Y 

10.09 

18.17 

19.14 

8.72 

12.91 

Zr 

126.58 

216.16 

226.27 

76.75 

153.29 

Nb 

170.07 

265.20 

275.54 

80.82 

151.57 

Mo 

1.19 

2.11 

2.68 

1.01 

1.74 

Cs 

0.72 

0.31 

•  0.27 

0.99 

0.39 

Ba 

695.44 

2386.92 

1772.93 

207.00 

842.58 

Hf 

3.01 

4.67 

4.78 

1.84 

3.41 

Ta 

9.73 

10.57 

11.09 

4.81 

6.73 

Pb 

8.47 

9.38 

2.92 

8.91 

4.48 

Th 

12.39 

25.40 

26.22 

5.54 

15.03 

U 

2.81 

5.01 

3.96 

1.46 

2.60 

La 

102.22 

217.21 

214.64 

41.84 

114.08 

Ce 

174.50 

375.52 

374.21 

78.47 

200.69 

Pr 

18.11 

38.54 

39.03 

8.52 

21.06 

Nd 

62.19 

129.64 

131.63 

30.34 

73.21 

Sm 

8.36 

16.53 

17.21 

4.41 

9.83 

Eu 

2.10 

4.21 

4.20 

1.14 

2.52 

Gd 

4.22 

7.68 

8.35 

2.61 

5.04 

Tb 

0.59 

1.14 

1.19 

0.38 

0.73 

Dy 

2.59 

4.66 

4.80 

1.73 

3.06 

Ho 

0.39 

0.67 

0.70 

0.29 

0.46 

Er 

0.84 

1.34 

1.39 

0.68 

0.92 

Tm 

0.11 

0.17 

0.17 

0.10 

0.12 

Yb 

0.58 

0.88 

0.90 

0.57 

0.66 

Lu 

0.08 

0.12 

0.12 

0.09 

0.09 

87Sr/86Sr 

0.705222 

0.705041 

0.705358 

0.705264 

0.705394 

143Nd/144Nd 

0.512576 

0.512593 

0.512615 

0.512583 

0.512588 

206pb/204pb 

20.325 

20.445 

24.744 

19.238 

26.211 

207Pb/204Pb 

15.592 

15.594 

15.922 

15.590 

15.961 

208Pb/204Pb 

40.577 

41.189 

51.016 

38.957 

50.351 

Locations:  UV8M  -  Udachnaya,  A3  and  A4  -  Aikhal,  M3  -  Mir  and 
I- 1  -  Intemationalaya 
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Introduction 

Although  the  relationship  between  megacrysts  and  the  host  kimberlite  remains  somewhat 
uncertain,  there  is  agreement  on  certain  aspects  of  megacryst  petrogenesis  (Jones,  1987;  Hopps  et  al., 
1992;  Griffin  et  al.,  1997).  Rare  earth  element  (REE)  and  isotope  geochemistry  of  garnet  (gt)  and 
clinopyroxene  (cpx)  megacrysts  show  that  this  megacryst  parent  magma  was  alkalic  or  picritic  and 
probably  derived  from  a  sub-lithospheric  source  similar  to  that  for  ocean  island  basalts  (OIB).  The 
megacryst  parental  magma,  often  referred  to  as  a  ‘  protokimberlite  ’  Cpk’),  may  eventually  evolve 
toward  kimberlitic  compositions  through  the  interaction  and  assimilation  of  enriched  lithospheric 
mantle.  Megacrysts  therefore  provide  an  important  opportunity  to  determine  the  trace  element  and 
isotopic  composition  of  a  precursor  kimberlite  magma.  Group  I  kimberlites  are  displaced  below  the 
mantle-crust  array  in  Hf-Nd  isotope  space,  which  may  indicate  a  deep  source  region  (Nowell  et  al., 
1998a).  Megacrysts  should  allow  a  less  lithosphere-contaminated  view  of  the  isotopic  composition  of 
the  ‘pk’  and  hence  allow  further  evalutaion  of  this  hypothesis.  We  analysed  three  ilmenite  (ilm) 
megacrysts  from  the  Frank  Smith  (2  plus  1  repeat)  and  Monastery  (1)  kimberlites  which  have  been 
shown  to  crystallised  from  a  single  batch  of  parent  magma  (Moore  et  al.,  1992;  Griffin  et  al..  1997). 
Ilmenites  are  ideal  megacrysts  for  Hf  isotope  studies  for  2  reasons:  (1)  high  Hf  content  of  ilmenites 
(>20ppm)  renders  them  less  susceptible  to  host-kimberlite  (<1  to  lOppm  Hf)  contamination  and  (2) 
the  Lu/Hf  ratio  of  ilmenites  is  extremely  low,  generally  <3*1  O'5.  The  measured  Hf  isotope  ratio  can 
therefore  be  regarded  an  intial  ratio. 

Results  and  Discussion 

A  calculated  rare  earth  element  (REE)  profile  for  the  liquid  in  equilibrium  with  an  ilm 
megacryst  from  Frank  Smith  is  consistent  with  melts  calculated  to  be  equilibrium  with  cpx  and  gt 
megacrysts  (Jones,  1987);  both  suggest  the  parental  magma  was  an  alkaline  or  picritic  OIB-like  melt 
(Figure  1).  Given  that  Sr-Nd-Pb  data  for  megacrysts  also  suggest  an  OIB-like  origin,  we  expected 
that  the  ilm  megacrysts  would  simply  plot  within  the  OIB  field  in  Hf-Nd  isotope  space.  However, 
preliminary  Hf  isotope  data  for  ilm  megacrysts  (Figure  2)  suggest  this  is  not  the  case. 

The  A£Hf  notation  used  in  Figure  2  depends  on  the  £Hf  and  £Nd  values  calculated  for  the 
ilm  megacrysts;  this,  in  turn,  depends  on  the  age  of  megacryst  formation.  Jones  (1987),  Hopps  et  al. 
(1992)  and  Griffin  et  al  (1997)  have  all  hypothesised  a  genetic  relationship  between  the  megacrysts 
and  host  kimberlites.  We  have  therefore  assumed  the  ilm  formation  ages  to  be  around  close  to  those 
of  the  kimberlite  pipe  ages,  i.e.  88Ma  for  Monastery  and  1 14Ma  for  Frank  Smith.  As  yet,  Nd  isotope 
data  for  the  ilm  megacrysts  is  unavailable  so  these  have  been  arbitrarily  assigned  the  £Nd  of  the  host 
kimberlite.  This  is  not  inappropriate  given  that  £Nd  values  for  cpx  and  gt  megacrysts  have  been 
shown  to  be  similar  to  those  of  Group  I  kimberlites  (Jones,  1987).  Also  shown  in  Figure  2  is  the 
possible  range  in  ilm  A£Hf,  assuming  the  £Nd  value  for  ilmenites  is  equivalent  to  the  maximum  and 
minimum  £Nd  observed  for  Group  I  kimberlites  (shown  as  heavy  vertical  lines).  As  cpx  and  gt 
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megacry sts  have  a  restricted  range  in  £Nd  of  between  2  and  5,  ilm  megacry sts  should  prove  to  be 
similar.  If  correct  in  which  case  their  A£Hf  will  be  in  the  lower  end  of  the  range  illustrated  in  Figure 
2.  Despite  the  uncertainty  in  the  £Nd  of  the  ilm  megacrysts,  it  would  appear  that  unless  their  £Nd  is 
much  less  than  that  determined  on  cpx  and  gt  megacrysts,  the  ilmenites  are  characterised  by  negative 
(-ve)  A£Hf  signatures  quite  unlike  any  OIB  magmas. 


Figure  1.  Chondrite  normalised  calculated  REE 
profile  for  a  liquid  calculated  to  be  in  equilibrium  with 
a  Frank  Smith  ilmenite  megacryst.  Ilmenite  partition 
coefficients  used  to  calculate  the  liquid  composition  are 
from  Fujimaki  et  al.,  1984.  Shaded  area  is  range  of 
parental  liquid  compositions  calculated  from  cpx 
megacrysts  from  Monastery  (Jones,  1987). 


Trace  element  and  isotopic  evidence  suggests  that  the  megacryst  parental  magma  could 
assimilate  enriched  lithosphere  during  megacryst  formation  (Jones,  1987),  in  which  case  it  is  possible 
that  the  A£Hf  signatures  of  the  ilmenites  might  simply  reflect  lithospheric  contamination  of  the  parent 
magma.  Simple  mass  balance  considerations,  however,  suggest  that  this  is  unlikely,  even  if  the 
lithosphere  itself  is  characterised  by  -ve  A£Hf  signatures.  The  Hf/Nd  ratio  for  a  range  of  lithospheric 
lithologies  (<0. 1:  G. Pearson,  unpub  data)  is  considerably  lower  than  that  calculated  for  the  ilm 
megacryst  parental  magma  (0.3);  thus,  lithospheric  contamination  would,  drive  the  megacryst  magma 
toward  -ve  £Nd  and  higher  A£Hf  values,  irrespective  of  whether  the  lithospheric  component  had 
positive  or  -ve  A£Hf.  Therefore,  if  lithospheric  contamination  of  the  megacryst  parental  magma  has 
occurred,  its  original  A£Hf  composition  would  be  even  more  negative  than  that  suggested  by  the 
ilmenite  compositions. 

If  the  megacryst  magma  itself  is  characterised  by  -ve  A£Hf  values,  as  would  appear  to  be  the 
case,  this  signature  must  have  a  sub-lithospheric  origin  and  may  therefore  represent  a  globally 
widespread  reservoir.  Indeed,  initial  Hf  isotope  data  from  our  U-Pb-Hf  study  of  ziron  megacrysts 
from  Siberian  kimberlites  suggests  the  parental  megacryst  magma  in  this  region  was  also  characterised 
by  -ve  A£Hf  values  (between  -1  to  -4.5  for  a  range  of  £Nd  values  of  +2  to  +5).  Such  -ve  A£Hf 
values  can  only  develop  in  a  source  which  contains  a  component  of  an  ancient  melt  generated  in  the 
presence  of  residual  garnet.  Although  the  -ve  A£Hf  component  has  a  sub-lithospheric  origin,  the 
necessity  for  its  long-term  isolation  clearly  rules  out  the  convecting  upper  mantle  as  the  source  for  the 
megacryst  magma.  The  A£Hf  component  must  also  reside  deep  enough  in  the  mantle  such  that  it 
does  not  contribute  significantly  to  modem  oceanic  basalts.  The  most  plausible  candidate  for  this  -ve 
A£Hf  component,  if  not  old  lithoshere,  is  old  subducted  oceanic  crust  at  either  the  670km 
discontinuity  (Ringwood  et  al.,  1991)  or  the  D”  (Haggerty,  1994). 

The  strikingly  -ve  A£Hf  values  of  kimberlites  themselves  (Nowell  et  al.,  1998a)  are 
consistent  with  the  signature  observed  for  ilmenite  megacrysts.  This  similarity  in  A£Hf  further 
supports  the  notion  of  a  genetic  link  between  group  I  kimberlites  and  megacrysts.  The  same  -ve 
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A£Hf  values  are  also  observed  in  group  II  kimberlites,  and  from  the  above  considerations  it  follows 
that  the  signatures  of  group  I  and  II  kimberlites  may  be  inherited  from  a  deep  mantle  component. 


Figure  2.  A£Hf  versus  £Nd  for  ilmenite 
megacry sts  from  S.  African  Group  I 
kimberlites.  A£Hf  is  from  Johnson  and 
Beard  (1993).  Hf  isotope  data  are 
normalised  to  a  176Hf/177Hf  ratio  for  JMC 
475  of  0.28216  (Nowell  et  al.,  1998c). 
During  analysis  of  the  megacrysts  the 
external  reproducibility  for  the  Hf  standard 
JMC  475  was  49ppm  (2sd.  n=29).  As  an 
indication  of  possible  sample  haterogeneitv, 
two  analyses  of  PHN  3241-IL1  (two 
separately  picked  fractions  of  the  same 
megacryst)  gave  a  reproducibility  of 
127ppm  (2Ssd). 


Conclusions 

The  calculated  REE  profile  for  a  liquid  in  equilibrium  with  an  ilmenite  megacryst  is  consistent 
with  models  which  suggest  that  the  megacryst  parental  magma  is  an  asthenosphere-derived  OIB-like 
alkalic/picritic  melt.  However,  the  -ve  A£Hf  signature  of  ilmenites  and  by  implication  their  parental 
magma  is  quite  unlike  OIB  or  melts  known  to  have  originated  in  the  convecting  mantle.  As  megacryst 
parental  magmas  have  a  sub-lithospheric  origin,  this  implies  that  there  must  exist  a  -ve  A£Hf 
reservoir  in  the  deep  mantle.  The  most  plausible  candidate  for  this  Hf  reservoir  is  ancient  subducted 
oceanic  crust  that  was  originally  generated  in  the  presence  of  residual  garnet.  The  megacrysts 
therefore  support  models  where  kimberlite  parent  magmas  are  derived  ultimately  from  very  deep 
sources,  either  670km  or  perhaps  D”  (Ringwood  et  al.,  1991,  Haggerty,  1994) 
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Introduction 

Lamproites  are  widely  accepted  to  represent  melts  of  enriched  ancient  lithospheric  mantle 
(Mitchell  and  Bergman,  1991).  However,  the  cause  of  the  wide  petrographic  variability  of  lamproites 
and  their  relationship  with  Group  II  kimberlites  remain  matters  of  controversy.  In  particular,  the 
influence  of  subduction  zone  processes  on  lamproite  source  regions  and  their  occurrence  in  diverse 
tectonic  settings  remain  problematic  (Mitchell  and  Bergman,  1991).  In  order  to  place  additional 
constraints  on  the  source  regions  and  genesis  of  lamproites,  and  to  better  understand  the  Hf  isotopic 
variability  of  enriched  lithospheric  mantle,  we  have  analysed  a  suite  of  33  well  characterised 
lamproites  from  N.  America,  including  a  new  lamproite  locality  in  Monatan  (Irving  and  Kuehner. 
1998)  W.  Australia  and  S.  Spain. 

Geographical  coherence 

Hf  isotope  data  for  the  various  lamproite  localities  are  illustrated  in  Figures  la&b.  Given  the 
accepted  model  for  derivation  of  lamproites  from  enriched  lithospheric  mantle,  and  because  lamproites 
are  known  to  have  negative  ENd,  it  is  logical  to  predict  that  they  should  have  negative  £Hf  values  and 
simply  plot  on  the  established  mantle-crust  array  in  Hf-Nd  isotope  space.  However,  this  is  clearly  not 
the  case  (Fig.  la).  In  addition  to  their  notable  departure  from  the  Hf-Nd  mantle-crust  array,  the 
striking  feature  of  the  lamproites  is  their  geographical  coherence.  Western  Australian  and  Spanish 
lamproites  are  characterised  by  a  very  limited  range  in  EHf,  given  the  range  in  ENd,  and  define  two 
distinct  sub-horizontal  linear  arrays  that  trend  off  below  the  mantle-crust  array  (Figure  la).  North 
American  lamproites  are  more  complex,  and  this  is  not  unexpected  given  the  broad  area  from  which 
they  were  collected.  Even  here,  though,  the  data  show  good  provincial  coherence.  Lamproites  from 
Montana  are  similar  to  those  of  W.  Australia  and  Spain  and  also  define  a  sub-horizontal  linear  array 
trending  off  below  the  mantle-crust  array.  In  complete  contrast,  the  Madupite  and 
Wyomingite/Orendite  lamproite  groups  from  Leucite  Hills  (Figure  la)  define  two  separate  vertical 
arrays  more  akin  to  the  kimberlite  arrays  (Nowell  et  al„  1998a).  Using  the  AeHf  notation  of  Johnson 
and  Beard  (1993),  all  the  lamproites  trend  toward  very  negative  AeHf  values,  irrespective  of  whether 
the  arrays  are  vertical  or  sub-horizontal  (Figure  lb),  and  in  this  respect  are  similar  to  kimberlites 
(Nowell  et  al.,  1998a).  The  convergence  of  lamproite  and  Group  II  kimberlite  arrays  in  HF-Nd 
isotope  space  confirm  the  similarities  between  these  magmas  (Mitchell  and  Bergman,  1991)  and  it 
may  be  argued  that  they  share  a  common  negative  AeHf  source  component  (Figure  1). 
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Implications  for  sources 

The  observed  lamproite  Hf-Nd  isotope  variations  must  reflect  either  source  heterogeneity  or 
mixing  of  distinct  mantle  components  since  the  high  field  strength  element  (HFSE)  and  rare  earth 
element  (REE)  contents  of  lamproites  buffer  them  against  the  effects  of  crustal  contamination.  The 
Nd-Sr  isotopic  variations  in  lamproites  of  N.  America  and  W.  Australia  have  been  attributed  to  mixing 
between  enriched  lithospheric  mantle  and  depleted  mantle  (DM)  as  represented  by  Mid  Ocean  Ridge 
Basalt  (McCulloch  et  al.,  1983;  Vollmer  et  ah,  1984).  Hf-Nd  isotope  systematics  of  lamproites. 
however,  are  inconsistent  with  such  mixing  models. 

Lamproites  from  Montana  and  W.  Australia  are  characterised  by  almost  constant  £Hf  and 
measured  Hf/Nd  ratios  over  the  wide  range  in  measured  £Nd.  Unless  the  high  £Nd  ‘depleted’  end- 
member  has  an  extremely  low  Hf/Nd  ratio  (<0.03),  its  £Hf  must  be  similar  to  those  observed  in  the 
lamproites  (-35  and  -25,  respectively)  to  account  for  the  sub-horizontal  nature  of  the  arrays.  DM  is 
characterised  by  a  high  Hf/Nd  ratio  of  >0.27  and  positive  £Hf  (>10)  so  it  cannot  be  called  upon  to 
generate  the  lamproite  arrays  in  Figure  la&b.  The  same  applies  to  any  magmas  known  to  have  come 
from  the  convecting  mantle.  We  argue  that  the  sub-horizontal  Montana  and  W.  Australia  lamproite 
arrays  can  best  be  explained  by  mixing  between  enriched  lithosphere  and  a  ‘depleted’  or  high  £Nd 
component  that  has  by  a  very  negative  £Hf  and  A£Hf  signature.  Similarly,  the  only  mixing  model 
that  can  successfully  reproduce  the  Leucite  Hills  array  is  one  in  which  the  ‘depleted’  endmember  has 
very  negative  £Hf  (<-26)  and  A£Hf  values. 


Figure  la&b.  (a)  eHf  versus  eNd  and  (b)  AeHf  versus  eNd  for  lamproites  from  N.  America,  W.  Australia  and 
Spain.  Also  shown  are  the  fields  for  group  I  and  II  kimberlites  (Nowell  et  al.,  1998c).  Hf  isotope  data  normalised  to  a 
l77,Hf/177Hf  ratio  for  JMC  475  of  0.28216  (Nowell  et  al.,  in  press).  Nd  Isotope  data  are  normalised  to  a  l43Nd/l44Nd  ratio 
for  La  Jolla  of  0.51 1862.  External  reproducibility  for  the  Hf  standard  JMC  475  was  between  21  and  49ppm  2SD.  Nd 
was  determined  various  laboratories  but  external  reproducibility  is  better  than  60ppm  2SD. 


Although  it  is  not  clear  whether  the  lamproite  arrays  are  due  to  mixing  of  distinct  components 
or  melting  of  a  heterogeneous  source,  their  genesis  clearly  requires  a  contribution  from  a  reservoir 
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characterised  by  very  negative  £Hf  and  A£Hf  values,  and  it  is  this  reservoir  that  is  of  particular 
interest.  Development  of  negative  £Hf  and  A£Hf  values,  such  as  those  required  for  the  lamproites. 
can  only  occur  in  ancient  melts  that  were  generated  in  the  presence  of  residual  garnet.  Such  a  negative 
£Hf  and  A£Hf  reservoir  may  develop  in  lithosphere  that  has  been  enriched  by  small  degree  melts 
derived  from  garnet-bearing  asthenospheric  mantle.  Alternatively,  given  that  lamproites  are  associated 
with  fossil  Benioff  zones,  such  metasomatic  melts  might  be  derived  from  subducting  oceanic  crust. 
Another  explanation,  which  cannot  be  ruled  out  at  this  time,  is  that  the  negative  £Hf  and  A£Hf 
signature  of  lamproites  is  imposed  on  the  lithospheric  mantle  by  a  metasomatic  melt  that  inherited  its 
negative  £Hf  and  A£Hf  signature  from  a  much  deeper  mantle  source.  Nowell  et  al  (1998a)  argue  that 
just  such  a  negative  £Hf  and  A£Hf  reservoir  could  exist  in  the  sub-lithospheric  deep  mantle  as  old 
subducted  oceanic  crust  that  was  originally  generated  in  the  presence  of  residual  garnet. 


Conclusions 

A  contribution  from  an  ancient  melt  generated  in  the  presence  of  garnet  is  required  to  explain 
the  trend  toward  very  negative  A£Hf  values  shown  by  ‘lamproites  from  three  different  regions.  The 
Nd-Hf  system  appears  to  be  a  powerful  tool  in  unravelling  differing  source  components  in  lamproite 
magmas.  Lamproites  from  specific  locations  show  good  coherence  of  Hf-Nd  isotope  systematics, 
and  define  distinct  fields  which  may  reflect  lithospheric  provinciality.  It  is  not  yet  possible  to 
determine  whether  the  lamproite  arrays  represent  variaole  degrees  of  melting  of  a  composite 
lithospheric  source  or,  mixing  between  enriched  lithospheric  mantle  and  a  melt  derived  from  a 
globally  ubiquitous,  possibly  deep-seated,  source  (Haggerty,  1994;  Ringwood  et  al.,  1992) 
characterised  by  negative  A£Hf. 
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Introduction 

Isotopes  have  played  a  key  role  in  developing  models  for  the  genesis  of  Group  I  and  II 
kimberlites.  The  most  accepted  model,  based  on  Sr-Nd  and  Pb  isotopes,  is  that  Group  I  kimberlites 
have  an  origin  within  the  asthenosphere,  whereas  isotopically  enriched  Group  II  kimberlites  are 
derived  from  a  time-integrated  LIL  and  LRE  element-enriched  source  located  within  the  sub¬ 
continental  lithospheric  mantle. 

In  order  to  place  further  possible  constraints  on  the  genesis  of  Group  I  and  II  kimberlites  we 
analysed  a  suite  of  well  characterised  fresh  hyperbyssal  South  African  kimberlites  for  Hf  isotopes. 
Lu-Hf  is  similar  to  Sm-Nd  in  as  much  as  the  parent  isotope  is  more  compatible  than  the  daughter 
isotope  but  has  the  added  advantage  that,  unlike  the  latter,  the  fractionation  of  the  Lu/Hf  ratio  during 
melting  is  sensitive  to  the  presence  or  absence  of  garnet.  Ancient  melts  generated  in  the  presence  of 
garnet  should  therefore  generate  distinct  Hf-Nd  isotopic  variations. 

Results  and  Discussion 

Preliminary  Hf  isotope  data  for  kimberlites  analysed  by  conventional  TIMS  methods  are 
summarised  in  Table  1  along  with  Nd  isotope  data.  Data  are  shown  in  Figures  la&b. 

In  Hf-Nd  isotope  space,  both  Group  I  and  II  kimberlites  are  characterised  by  a  remarkably 
large  variation  in  £Hf  given  their  restricted  range  in  £Nd  (Table  1,  Figure  la).  The  linear  fields 
defined  by  both  kimberlite  groups  show  a  similar  degree  of  obliqueness  to,  and  trend  well  below,  the 
array  defined  by  other  terrestrial  magmas  (Figure  la).  Using  the  A£Hf  notation  of  Johnson  and 
Beard  (1993),  which  defines  the  extent  to  which  a  sample  plots  above  (+ve  A£Hf)  or  below  (-ve 
A£Hf)  the  ocean  island  basalt  (OIB)  array,  both  groups  of  kimberlites  plot  toward  very  -ve  A£Hf 
values  (Figure  lb).  Indeed,  kimberlites  have  some  of  the  most  extreme  -ve  AeHf  values  of  any 
terrestrial  magmas  yet  analysed  for  Hf,  except  lamproites  (Nowell  et  al. ,1998b). 

Given  the  Sr-Nd-Pb  isotope-based  petrogenetic  models  for  Group  I  and  II  kimberlites,  it  was 
expected  that  kimberlites  would  simply  plot  on  the  mantle-crust  array  at  positive  and  negative  £Hf 
values,  respectively.  The  linear  trends  of  Group  I  and  II  kimberlites  towards  low  AeHf  is 
unexpected,  and  is  inconsistent  genetic  with  models  based  on  Sr-Nd-Pb  isotope  systematics.  There 
are  at  least  two  possible  explanations  for  this: 

1]  Contamination  of  a  kimberlite  magma  by  components  with  higher  Hf/Nd  ratios  that  lie  on  the 
mantle-crust  array  at  lower  £Hf-£Nd  such  that  the  negative  A£Hf  values  of  kimberlites  are  merely  an 
artifact  of  mixing 
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2]  A  source  component  that  contributes  to  both  kimberlite  groups  is  itself  characterised  by 
negative  A£Hf  values. 


Parameter 

Group  I 

max 

min 

Group  II 

max 

min 

£Hf 

7.4 

-18.5 

-3.6 

-23.8 

AeHf 

-1.0 

-16.5 

2.9 

-11.5 

£Nd 

4.0 

-3.7 

-6.2 

-11.8 

Table  1.  Summary  of  Hf-Nd  isotope  data  Group  I  and  II  kimberlites  from  South  Africa. 

Although  Archean/Proterozoic  crust  represents  a  potential  low  £Hf-£Nd  component  from 
which  kimberlites  might  inherit  a  negative  A£Hf  signature,  prohibitively  large  degrees  of 
contamination  are  required  to  reproduce  the  kimberlite  arrays.  The  only  sample  which  shows  any 
evidence  of  crustal  contamination,  both  in  hand  specimen  and  in  trace  element  and  isotope 
geochemistry,  is  Premier  Grey.  The  negative  A£Hf  signatures  of  kimberlites,  therefore,  do  not 
appear  to  be  an  artifact  of  mixing  in  the  crust.  Likewise,  contamination  with  some  enriched 
lithospheric  mantle  melt,  such  as  represented  by  lamproites,  isn’t  able  to  fully  explain  both  the 
kimberlite  arrays.  Indeed,  the  lamproite  data  itself  requires  the  existence  of  a  source  component 
characterised  by  a  negative  A£Hf  signature  (Nowell  et  al. ,1998b). 

A  contribution  from  a  negative  A£Hf  reservoir,  possibly  located  in  the  lithosphere,  such  as 
the  one  that  contributes  to  lamproite  magmas  may  explain  the  Group  II  kimberlite  trend.  Evidence 
presented  by  Nowell  and  Pearson  (1998)  suggests  that  for  group  I  kimberlites  the  negative  A£Hf 
signature  might  already  be  established  before  they  even  interact  with,  or  traverse,  the  lithosphere. 
This  would,  in  turn,  imply  that  a  A£Hf  reservoir  must  exist  in  the  sub-lithospheric  mantle.  By 
analogy  is  possible  that  a  similar  sub-lithospheric  negative  A£Hf  reservoir  is  responsible  for  the 
A£Hf  signature  of  group  II  kimberlites. 

Although  the  negative  A£Hf  signatures  of  Group  I  and  II  kimberlites  may  be  inherited  from 
different  sources  within  the  mantle,  in  both  cases  such  signatures  must  be  indicative  of  ancient  melts 
generated  in  the  presence  of  residual  garnet.  In  the  case  of  Group  II  kimberlites,  and  possibly 
lamproites,  this  signature  may  represent  old  lithosphere  enriched  by  small  degree  melts  derived  from 
garnet-bearing  asthenospheric  mantle,  perhaps  even  ‘ protokimberlite ’  melts  that  failed  to  erupt.  It  is 
also  conceivable  that  this  signature  may  develop  near  the  base  of  the  lithosphere  in  eclogites  that 
‘represent  ancient  recrystallised  subducted  underplated  oceanic  crust’  (Mitchell,  1995).  The  very 
negative  A£Hf  signatures  of  Group  I  kimberlites  have  not  been  observed  in  magmas  known  to  have 
originated  from  the  convecting  mantle.  Thus,  to  explain  the  Group  I  kimberlite  data  requires  a 
component  that  has  been  isolated  from  the  convecting  upper  mantle  for  long  periods  that  is  not 
obviously  lithospheric  mantle.  If  not  old  enriched  lithosphere,  the  only  plausible  candidate  for  this 
very  negative  A£Hf  component  in  the  deep  mantle  is  old  subducted  oceanic  crust±oceanic 
lithosphere/sediments.  This  is  compatible  with  those  models  which  invoke  a  very  deep  mantle  origin 
for  kimberlites,  incorporating  crust±oceanic  lithosphere/sediments  from  the  D”  prime  layer  (Haggerty, 
1994)  or  670km  discontinuity  (Ringwood  et  al,  1992). 
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Figure  la&b.  (a)  eHf  versus  eNd  and  (b)  AeHf  versus  eNd  for  Group  I  and  II  kimberlites.  Hf  isotope  data  are 
normalised  to  a  176Hf/177Hf  ratio  for  JMC  475  of  0.28216  (Nowell  et  al..  1998c)  while  Nd  Isotope  data  are  normalised  to 
a  i43Nd/144Nd  ratio  for  La  Jolla  of  0.51 1862.  During  analysis  of  the  kimberlites  the  external  reproducibility  for  the  Hf 
standard  JMC  475  was  between  32  and  63ppm  2SD  and  for  Nd  was  35ppm  2SD. 

Conclusion 

The  A8Hf  signature  of  group  I  and  II  kimberlites  implies  that  an  ancient  melt,  necessarily 
generated  in  the  presence  of  residual  garnet,  must  exist  within  their  source  regions.  For  Group  II 
kimberlites  this  old  melt  component  it  may  reside  as  ancient  subducted  oceanic  crust  in  the  lithsopheric 
mantle  but  for  Group  I  kimberlites  may  reside  in  the  deeper  mantle,  perhaps  at  the  650km  discontinuiy 
or  D”  prime  layer  (Ringwood  et  a.,  1992;  Haggerty,  1994). 
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Introduction 

In  January  1997  the  Geological  Survey  of  Finland  initiated  a  study  of  Finnish  kimberlitic  intrusions 
discovered  by  Malmikaivos  Oy  as  a  result  of  their  diamond  exploration  activities  (Griffin  et  ah,  1995; 
Tyni,  1997).  These  Paleozoic  intrusions  (two  pipes  dated  by  K-Ar  gave  590  and  430  Ma)  form  the 
Eastern  Finland  Kimberlite  Province  which  includes  the  Kaavi  and  Kuopio  clusters.  The  pipes  and 
dikes  intruded  into  3. 1-2.6  Ga  gneiss  complexes  of  the  Archean  Karelian  craton  and  allochthonous 
1.9  -  1.8  Ga  metasedimentary  cover  rocks  thrust  onto  the  craton  during  the  Svecofennian  orogeny. 
The  intrusions  are  dominated  by  textural  and  mineralogical  variants  of  archetypal  kimberlites  but  also 
include  less  common  dikes  of  ultramafic  lamprophyre  and  olivine  lamproite.  Ranging  from  purely 
hypabyssal  kimberlite  dikes  to  multiphase  pipes  of  diatreme  facies  volcaniclastics,  the  Finnish  kim¬ 
berlites  generally  contain  abundant  diamond  indicator  minerals  and  almost  all  contain  at  least  trace 
amounts  of  microdiamonds.  Of  the  24  intrusive  bodies  discovered,  we  have  drill  core  samples  from 
12  (Table  1)  from  which  30  samples  have  been  analyzed  for  major  and  trace  elements  and  14  for  Sr, 
Nd  and  Pb  isotopic  compositions. 


Sample  Description  and  Mineralogy 

Pipe  1  was  discovered  by  Malmikaivos  Oy  in  1964  (Tyni,  1997)  and  is  the  only  sample  in  our  col¬ 
lection  that  may  represent  a  magma  composition  although  cumulate  oribicules  indicate  that  some 
crystal  accumulation  occurred.  It  is  an  aphanitic  spinel-rich  monticellite  kimberlite  (Table  1)  with  a 
small  volume  marginal  phase  of  carbonate-rich  kimberlite.  Containing  up  to  40%  olivine  as  macro- 
crysts  and  phenocrysts  in  a  matrix  of  monticellite  microphenocrysts,  perovskite,  spectacular  atoll 
spinels  zoned  from  chromite  to  magnesian  ulvospinel,  serpentine  and  calcite,  the  main  phase  of  the 
pipe  is  mostly  massive  but  about  10%  has  a  carbonate  segregation-texture.  Cemented  into  the  car¬ 
bonate  matrix  (25%  by  volume)  of  the  marginal  phase  rocks  are  globular  segregations  of  aphanitic 
silicate  kimberlite  magma  and  olivine-pseudomorphs  surrounded  by  a  thin  veneer  of  silicate 
magma.  Pipes  2  &  3  occur  near  each  other  (within  500m),  are  both  elongate  bodies  and  both  con¬ 
tain  the  same  volcaniclastic  and  hypabyssal  rocks  with  serpentine  pseudomorphs  after  olivine  mac- 
rocrysts  in  a  matrix  of  perovskite,  serpentine  and  calcite.  Exceptional  volcaniclastic  breccias  from 
pipe  3  contain  abundant  xenoliths  of  quartzite,  gneisses  and  granitoids.  Pipes  4  &  6  are  composed 
exclusively  of  diatreme  facies  volcaniclastic  breccias,  which  have  been  considerably  altered  to  clay 
minerals.  Nevertheless  some  garnet-bearing  peridotite  xenoliths  have  survived  the  alteration  proc¬ 
ess  mostly  intact.  Pipe  5  contains  serpentinized  olivine  macrocryst-rich  hypabyssal  kimberlite  and 
volcaniclastic  diatreme  facies  rocks  that  vary  from  breccias  to  ash-rich  sandstones.  It  is  unclear 
whether  the  sandstones  represent  resedimented  material  from  the  very  top  of  a  diatreme  or  simply 
more  completely  comminuted  material.  The  hypabyssal  rocks  contain  relatively  fresh  garnet- 
bearing  peridotite  xenoliths.  Pipe  9  contains  hypabyssal  kimberlite  rich  in  olivine  and  picroilmenite 
macrocrysts  and  garnet-bearing  peridotites  (mostly  lherzolite).  Pipe  10  is  a  multiphase  pipe  domi¬ 
nated  by  picroilmenite-rich  volcaniclastic  breccia  studded  with  about  5%  subrounded  autoliths  of 
dark  gray  hypabyssal  material  that  likely  represent  samples  of  a  magmatic  phase.  The  diatreme 
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rocks  contain  olivine  pseudomorphs,  picroilmenite,  garnet  and  Cr-diopside  macrocrysts  and  rela¬ 
tively  abundant  peridotite  and  eclogite  xenoliths  in  an  opaque-rich,  serpentine-calcite  matrix.  Pipe 
14  contains  fresh  olivine  and  picroilmenite  macrocrystic  hypabyssal  kimberlite  and  kimberlite  brec¬ 
cia.  The  breccia  in  places  is  rich  in  crustal  xenoliths,  however,  other  parts  have  dominant  peridotite 
xenoliths  or  are  crystallinoclastic  comprising  essentially  disaggregated  peridotite  minerals  in  mini¬ 
mal  kimberlite  matrix.  Ultramafic  lamprophyre  dike  15  is  composed  mostly  of  large  serpentine 
pseudomorphs  (after  olivine?),  zoned  phlogopite,  and  carbonate  with  accessory  ilmenite,  titanomag- 
netite,  rutile  and  apatite.  Lamproite  dike  16  is  composed  largely  of  phlogopite  and  pseudomorphs  of 
olivine  and  is  intriguing  because  it  appears  to  have  some  affinities  to  Type  II  kimberlites  (orangeites 
in  the  terminology  of  Mitchell,  1995).  The  sample  contains  grains  of  a  calcium  zirconium  silicate 
(Ca-catapleite?)  rather  than  the  lamproite  typomorphic  mineral  wadeite  and  zoning  in  micas  that 
follow  the  extreme  A1  depletion  evolutionary  trend  diagnostic  of  orangeite  micas.  However  the 
mica  core  compositions  have  relatively  high  Ti;  within  the  field  demarcated  as  lamproite  by 
Mitchell  (op.  cit.)  and  the  major  element  composition  of  the  sample  is  nearly  exactly  equivalent  to 
the  average  for  olivine  lamproite  calculated  by  Mitchell  and  Bergman  (1991).  Pipe  23  is  composed 
exclusively  of  volcaniclastic  kimberlite  breccia  and  contains  the  least  altered  diatreme  material  of 
any  of  the  pipes  sampled.  This  rock  has  approximately  25%  crustal  and  mantle  xenoliths  and  <5% 
rounded  autoliths  contained  in  a  matrix  that  has  a  distinctly  blue  color. 


Table  1.  Characteristics  of  Finnish  Kimberlites  and  Related  Rocks 


Pipe  / 
Dike 

Shape 

Size  (m) 

Dominant 

Rock  Type 

Mineralogy 

|  #1 

oval  pipe 

j 

110x150  | 

chrome  spinel-rich  hypabyssal 
monticellite  kimberlite 

olivine,  monticellite,  spinel, 
perovskite,  serp,  cc 

#2 

elongate  pipe 

300  x  20-40  ! 

j 

hypabyssal  kimberlite  breccia  > 
volcaniclastic  kimberlite  breccia 

serp-ol,  cc,  serp,  perovskite 

#3 

elongate  pipe 

250  x  40 

hypabyssal  kimberlite  breccia  > 
volcaniclastic  kimberlite  breccia 

serp-ol  cc,  serp,  perovskite 

|  #4 

double  pipe 

150  x  100 

volcaniclastic  kimberlite  breccia 
only 

serp-ol,  clay-rich  in  matrix 

|  #5 

dike  with  breccia 
(blows?)  at  each  end  | 

>500  x  20  j 

macrocryst-rich  hyp  kimb>vol 
kimb,  some  finely  comminuted 

olivine,  serp,  cc,  peridotite 
fragments 

#6 

j _ 

irregular  elongate  pipe 

200  x  70 

volcaniclastic  kimberlite  breccia 
»  hypabyssal  kimberlite  breccia 

serp-ol,  clay-rich  matrix 

[  #9 

| 

irregular  oblate  pipe 

100x50 

I 

macrocrystic  hypabyssal  kim¬ 
berlite 

olivine,  Mg-il-rich,  serp,  cc, 
peridotite  fragments 

#10 

irregular  oblate,  hyp 
kimberlite  limited  to 
one  end  of  pipe 

150x200 

macrocryst-rich  volcaniclastic 
kimberlite  br  >  macrocryst-rich 
hypabyssal  kimberlite  breccia 

serp-ol,  Mg-il-,  pyrope-,  Cr- 
diopside-rich,  serp,  cc,  spinel, 
peridotite  &  eclogite  fragments 

#14 

irregular  oblate  pipe 

100  x  50 

hypabyssal  kimberlite  >  hy¬ 
pabyssal  kimberlite  breccia 

serp-ol,  Mg-il-rich,  serp,  cc, 
abundant  peridotite  fragments 

#15 

1 

dike 

2m  wide  and 
roughly  1km 
long 

ultramafic  lamprophyre  (Ail- 
likite) 

serp-ol,  phlogopite,  carbonate, 
Mg-Mn  ilmenite,  Ti-magnetite, 
rutile,  perovskite,  apatite 

#16 

( 

j 

dike 

<5m  wide, 
length  un- 
|  known 

olivine  lamproite 

phlogopite,  serp-ol,  K- 
richterite,  diopside,  perovskite, 
chromite,  apatite,  Ca-catapleite 

j  #23 

j  oblate  pipe 

80  x  40 

j 

|  volcaniclastic  kimberlite  breccia 

j 

olivine,  serp,  cc,  peridotite 
fragments 

KEY:  br  =  breccia  serp-ol=serpentinized  olivine 


hyp  =  hypabyssal  Mg-il=magnesian  ilmenite 

kimb  -  kimberlite  serp=serpentine,  cc=calcite 
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Geochemistry 


Major  elements  of  the  Finnish  kimberlites  and  related  rocks  show  that  the  samples  vary  from  being 
unaltered  and  uncontaminated  (e.g.,  pipe  1)  to  highly  altered  and/or  contaminated  (e.g.,  pipes  3,  4  & 
6)  with  contamination  index  values  (C.I.;  Clement,  1982)  ranging  from  1  to  2.4,  respectively. 

Contamination  vectors 


in  an  ALO3  -  SiCF  dia¬ 
gram  not  unexpectedly 
indicate  granitoid  as 
the  most  significant 
contaminant.  Yet,  de¬ 
spite  this  indication  for 
contamination,  the  in¬ 
compatible  element 
abundances  in  the  Fin¬ 
nish  kimberlites  are 
not  greatly  modified 
relative  to  the  pipe  1 
composition  (Fig.  1). 
This  remains  true  even 
for  samples  with  C.I. 
indexes  as  high  as  2.4 

Pb  Rb  Ba  Th  U  K  Ta  Nb  La  Ce  Sr  Nd  P  Hf  Zr  Sm  Eu  Ti  Tb  Y  Yb  where  the  Overall  ef¬ 

fect  is  dilution  for  the 
elements  Pb  to  Nd 
(except  K  and  Rb,  Fig. 
1)  and  enrichment  in 

the  elements  P  to  Yb.  Isotopic  compositions  of  archetypal  kimberlites  have  Pb-Nd-Sr  compositions 
that  appear  to  reflect  sources  in  the  well-mixed  asthenospheric  mantle  and  samples  from  Pipe  1  plot 
within  this  field,  with  8Nd  of  1.4  to  1.5  and  £sr  of  -4  to  -6.  Crustal  contamination  in  the  remainder 
of  the  Finnish  kimberlites  is  manifested  not  such  much  in  their  Nd  isotopes  (£Nd=2  to  6)  but  in  their 
Sr  isotopic  compositions  (£sr  1.5  to  28.5).  The  lamproite  and  ultramafic  lamprophyre  have  radio¬ 
genic  Nd  and  Sr  compositions  (£ud  of  -15  &  -3  and  £sr  of  99  &  84,  respectively)  calculated  at  an 
estimated  intrusion  age  of  450  Ma. 


Figure  1 .  Primitive  mantle  normalized  incompatible  element 
profiles  for  3  Finnish  kimberlites  (CI=Contamination  Index). 
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Are  Lithospheres  Forever? 
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The  lithospheric  mantle  and  4-D  lithosphere  mapping 

The  subcontinental  lithospheric  mantle  (SCLM)  carries  a  geochemical,  thermal  and 
chronological  record  of  large-scale  tectonic  events  that  have  shaped  the  Earth's  crust.  The  SCLM 
is  part  of  the  continental  plate,  and  moves  with  the  plates  over  the  less  rigid  asthenosphere.  It  has 
long  been  accepted  that  "old"  (cratonic)  lithosphere  is  relatively  deep,  depleted  and  cold;  more 
recently  it  has  been  recognised  that  "young"  lithosphere  is  relatively  thin,  fertile  and  hot. 

Development  of  the  4-D  Lithosphere  Mapping  methodology  (O'Reilly  and  Griffin  1996)  has 
provided  tools  for  constructing  realistic  geological  sections  of  the  SCLM.  Xenoliths  and  garnet 
and  chromite  xenocrysts  from  mantle-derived  volcanics  (eg  basalts,  lamproites,  kimberlites) 
provide  samples  of  the  lithospheric  mantle  at  the  time  of  eruption.  Where  sufficient  xenoliths 
and/or  xenocrysts  of  appropriate  composition  are  available,  we  can  determine  the  paleogeotherm, 
the  depth  to  the  crust-mantle  boundary,  the  detailed  distribution  of  rock  types  with  depth,  the 
spatial  distribution  of  fluid-related  (metasomatic  and  anatectic)  processes  and  the  depth  to  the 
lithosphere-asthenosphere  (LAB)  boundary  within  the  tectosphere.  Volcanic  episodes  of  different 
ages  in  one  region  provide  this  information  for  different  time-slices  corresponding  to  ages  of  the 
volcanism,  while  geophysical  data  (seismic,  gravity,  magnetic,  thermal)  can  be  used  to  extend  the 
geologically-derived  profiles  laterally  or  to  interpret  lithospheric  domains  with  geophysical 
signatures  that  can  be  matched  with  geologically  mapped  sections. 

4-D  lithosphere  mapping  shows  that  the  depth  of  the  LAB  can  range  from  about  250  to  150 
km  in  cratonic  areas,  while  it  is  seldom  >150  km  in  circumcratonic  areas.  Distinctive  rock-type 
profiles  (mantle  stratigraphy)  can  be  mapped,  followed  laterally,  and  correlated  with  surface 
geology  (Griffin  et  al,  this  vol.).  In  Siberia  within-craton  domains  with  distinctive  mantle 
stratigraphy  coincide  with  crustal  terranes  mapped  at  the  surface  (Griffin  et  al.  1998b).  Markedly 
different  SCLM  sections  sampled  by  Ordovician  kimberlites  in  the  Sino-Korean  craton  suggest 
that  the  major  TanLu  fault  penetrates  the  lithospheric  mantle  and  separates  two  Archean  terranes 
(Griffin  et  al.  1998e).  These  studies  provide  evidence  that  individual  Archean  terranes  or 
microcontinents  developed  their  own  distinctive  SCLM,  which  survived  accretion  of  the  terranes 
into  cratons  and  plate-tectonic  translation  during  subsequent  aeons.  However,  later  tectonothermal 
events,  such  as  rifting  or  large-scale  magmatism,  are  associated  with  major  changes  in  SCLM 
thickness  and  stratigraphy,  and  especially  in  composition.  Why  is  this  so? 

Secular  Variation  in  Lithosphere  Composition 

Boyd  (1989,  1997)  recognised  a  fundamental  distinction  between  Archean  cratonic  mantle, 
represented  by  xenoliths  in  African  and  Siberian  kimberlites,  and  Phanerozoic  circumcratonic 
mantle,  represented  by  xenoliths  in  intraplate  basalts  and  by  orogenic  Iherzolite  massifs.  Archean 
xenoliths  are  not  only  more  depleted  on  average,  but  have  higher  Si/Mg  (higher  opx/olivine),  and 
subcalcic  harzburgites  are  well-represented  in  Archean  xenolith  and  xenocryst  suites,  but 
essentially  absent  in  younger  ones.  Analysis  of  >13,000  garnet  xenocrysts  from  volcanic  rocks 
worldwide  shows  a  clear  correlation  of  garnet  composition  with  the  tectonothermal  age  of  the  crust 
penetrated  by  the  volcanic  rocks  (Griffin  et  al.  1998a,d).  The  xenolith  and  garnet  data,  taken 
together,  indicate  that  the  Archean/Proterozoic  boundary  represents  a  major  change  in  the  nature  of 
lithosphere-forming  processes.  The  garnet  data  further  indicate  that  newly-formed  SCLM  has 
become  progressively  less  depleted  from  Archean,  through  Proterozoic  to  Phanerozoic  time. 

In  xenoliths,  the  Cr203  content  of  garnet  correlates  well  with  the  A1203  content  of  the  host 
rock  (Griffin  et  al.  1998c).  Xenolith  suites  also  show  good  correlations  between  the  content  of 
A1203  and  those  of  other  major  and  minor  elements;  these  correlations  make  it  feasible  to  calculate 
the  composition  of  a  mantle  section,  given  the  median  Cr203  content  of  garnet  xenocrysts  from 
that  section  (Griffin  et  al.  1998c;  Table  1).  The  mean  composition  of  SCLM  beneath  terrains  of 
Archean,  Proterozoic  and  Phanerozoic  tectonothermal  age,  calculated  in  this  way,  show  a  clear 
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secular  evolution  in  all  measures  of  depletion,  such  as  Al,  Ca,  mg#,  and  Fe/Al  (Table  2).  Pristine 
Proterozoic  SCLM  is  moderately  depleted,  and  intermediate  in  composition  between  Archean  and 
Phanerozoic  SCLM.  Cenozoic  SCLM,  exemplified  by  Zabargad  peridotites  and  by  garnet 
peridotite  xenoliths  from  young  extensional  areas  of  China,  Siberia  and  Australia,  is  only  mildly 
depleted  relative  to  Primitive  Mantle.  SCLM  beneath  some  Phanerozoic  terrains,  especially  in 
Europe,  is  more  depleted  and  may  represent  reworked  Proterozoic  SCLM  (Table  2:  “preferred”). 

Significance  of  SCLM  evolution  to  geophysical  interpretation 

Average  mineral  compositions  for  each  age  group  have  been  used  to  calculate  average  modes, 
densities  and  seismic  velocities  (Table  2).  Archean  SCLM  is  2.5%  less  dense  than  the 
asthenosphere  (approximated  by  PM);  for  the  less-depleted  Phanerozoic  mantle  the  difference  is 
<1%.  Thermal  expansion  coefficients  are  identical  within  error  for  all  compositions,  so  that  these 
differences  persist  to  high  temperatures.  At  25°C,  the  Vp  and  Vs  of  Archean  SCLM  are  higher  than 
that  of  Phanerozoic  SCLM  by  ca  0.5%  and  1.2%,  respectively;  the  compositional  differences  thus 
account  for  ca  25%  of  the  range  observed  by  seismic  tomography.  Typical  geotherms  for  cratonic 
and  Phanerozoic  areas  were  used  to  calculate  the  difference  in  Vp  and  Vs  at  100  km  depth;  the 
Archean  values  are  higher  by  4-5%,  corresponding  to  the  ranges  commonly  seen  by  seismic 
tomography. 

Lithosphere  evolution  and  destruction 

These  physical  property  data  are  important  constraints  on  the  delamination  and  recycling  of  the 
SCLM.  Archean  lithosphere  is  highly  refractory  and  buoyant  compared  to  the  asthenosphere 
(~PM;  Table  2);  this  is  progressively  less  true  of  younger  lithosphere.  Calculation  of  the  T- 
dependent  density  variation  with  depth  for  typical  Archean,  Proterozoic  and  Phanerozoic 
geotherms  shows  that  minimum  thicknesses  of  >220  km  km,  150  km  and  75  km,  respectively,  must 
be  reached  before  the  mantle  section  becomes  neutrally  buoyant,  which  is  the  minimum  condition 
for  lithosphere  delamination.  This  effect  explains  the  thickness  and  apparent  longevity  of  existing 
Archean  lithosphere,  but  suggests  that  deep  continental  roos  could  be  constructed  from  material 
similar  to  Phanerozoic  lithosphere. 

Tectonic  or  magmatic  events  that  lead  to  the  replacement  of  old  SCLM  by  younger  material 
cause  changes  in  the  density  and  geotherm  of  the  lithospheric  column,  with  major  effects  at  the 
surface.  In  the  Kaapvaal  Craton  (Brown  and  Griffin,  this  volume)  thermal  and  chemical  erosion 
produced  in  a  thinner,  hotter  and  chemically  recharged  (metasomatised)  lithosphere,  and  led  to 
significant  uplift  of  the  craton.  In  the  eastern  Sino-Korean  craton,  the  removal  of  >100  km  of 
Archean  lithosphere  during  the  late  Mesozoic  was  accompanied  by  uplift,  basin  formation  and 
widespread  magmatism.  In  this  case,  lithosphere  replacement  involved  rifting,  with 
contemporaneous  upwelling  of  fertile  asthenospheric  material  (Griffin  et  al.,  1998e;  Yuan  1996). 

Conclusions 

Correlations  between  mantle  type  and  crustal  age  indicate  that  continental  crust  and  its  underlying 
SCLM  were  formed  together  and  remain  coupled  for  geologically  long  times.  Destruction  of 
Archean  SCLM  is  difficult,  but  where  it  occurs,  by  thermal  and  chemical  erosion  and/or  rifting, 
thinning  and  displacement,  it  has  major  thermal  and  tectonic  consequences. 
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Table  1.  Comparison  of  mean  mantle  compositions  calculated  from  garnets,  with 
average  compositions  of  xenolith  suites 


Kaapvaal  <90MA 

Kaapvaal 

Kaapvaal  <90MA 

Kaapvaal 

Vitim 

Vitim 

Gnt.  Lherz. 

Lherz.  Xens 

Gnt.  Harz. 

Harz.  Xens 

Gnt.  Lherz. 

Lherz.  Xens 

Calc,  from  Gnts 

Median 

Calc,  from  Gnts 

Median 

Calc,  from  Gnts 

Median 

Si02 

46.0 

46.6 

45.7 

45.9 

44.5 

44.5 

Ti02 

0.07 

0.06 

0.04 

0.05 

0.15 

0.16 

A1A 

1.7 

1.4 

0.9 

1.2 

3.7 

4.0 

Cr203 

0.40 

0.35 

0.26 

0.27 

0.40 

0.37 

FeO 

6.8 

6.6 

6.3 

6.4 

8.0 

8.0 

MnO 

0.12 

0.11 

0.11 

0.09 

0.13 

0.10 

MgO 

43.5 

43.5 

45.8 

45.2 

39.3 

39.3 

CaO 

1.0 

1.0 

0.5 

0.5 

3.3 

3.2 

Na20 

0.12 

0.10 

0.06 

0.09 

0.26 

0.32 

NiO 

0.27 

0.28 

0.30 

0.27 

0.25 

0.25 

Table  2.  Calculated  mean  compositions  for  Archean,  Proterozoic  and  Phanerozoic  SCLM 

Archean 

Proterozoic 

Proterozoic 

Phanerozoic 

Phanerozoic 

Prim.  Mantle 

Gnt  SCLM 

Gnt  SCLM 

xens,  massifs 

Gnt  SCLM 

spinel  perid. 
(preferred) 

(McD.  &Sun) 

Si02 

45.7 

44.7 

44.6 

44.5 

44.4 

45.0 

Ti02 

0.04 

0.09 

0.07 

0.14 

0.09 

0.2 

A1203 

0.99 

2.1 

1.9 

3.5 

2.6 

4.5 

Cr203 

0.28 

0.42 

0.40 

0.40 

0.40 

0.38 

FeO 

6.4 

7.9 

7.9 

8.0 

8.2 

8.1 

MnO 

0.11 

0.13 

0.12 

0.13 

0.13 

0.14 

MgO 

45.5 

42.4 

42.6 

39.8 

41.1 

37.8 

CaO 

0.59 

1.9 

1.7 

3.1 

2.5 

3.6 

Na20 

0.07 

0.15 

0.12 

0.24 

0.18 

0.36 

NiO 

0.30 

0.29 

0.26 

0.26 

0.27 

0.25 

mg# 

92.7 

90.6 

90.6 

89.9 

89.9 

89.3 

Mg/Si 

1.49 

1.42 

1.42 

1.33 

1.38 

1.25 

Ca/Al 

0.55 

0.80 

0.80 

0.82 

0.85 

0.73 

Cr/Cr+Al 

0.43 

0.30 

0.30 

0.17 

0.18 

0.05 

Fe/Al 

4.66 

2.64 

2.64 

1.66 

2.23 

1.30 

ol/opx/cpx/gnt 

69/25/2/4 

70/15/7/8 

70/17/6/7 

60/17/11/12 

66/17/9/8 

57/13/12/18 

density, g/cc 

3.31 

3.34 

3.34 

3.37 

3.36 

3.39 

Vp  (km/s,  25°) 

8.34 

8.32 

8.32 

8.30 

8.30 

8.33 

Vp  (km/s,  100  km) 

8.18 

8.05 

8.05 

7.85 

7.85 

- 

Vs  (km/s,  25°) 

4.88 

4.84 

4.84 

4.82 

4.82 

4.81 

Vs  (km/s,  100  km) 

4.71 

4.60 

4.60 

4.48 

4.48 

- 
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Pal’yanov,  Yu.N.,  Gusev,  V.A.,  Kupriyanov,  I.N.,  Borzdov  Yu.M.,  Sokol,  A.G., 

Khokhriakov,  A.F.,  and  Sobolev,  N.V. 

Institute  of  Mineralogy  and  Petrography,  Siberian  Branch  of  the  Russian  Academy  of  Sciences,  Novosibirsk,  630090, 
Russia 

Introduction 

It  is  commonly  accepted  that  nitrogen,  the  major  impurity  in  diamond,  incorporates  into  the 
diamond  lattice  as  single  substitutional  atoms  (C-centers),  other  forms  of  nitrogen  (A-,  B-centers) 
are  formed  as  a  result  of  high-temperature  annealing  during  the  diamond’s  mantle  residence. 
Experimentally  only  the  first  stage  of  aggregation,  namely  conversion  of  the  C-centers  into  the  A 
ones  has  been  intensively  studied  (Evans,  1992;  Taylor  et  al.,  1996).  The  results  obtained  are  now 
widely  used  for  evaluation  natural  diamond’s  mantle  residence  history.  However,  it  was  repeatedly 
pointed  out  that  some  peculiarities  of  the  internal  structure  of  diamond  crystals  can  hardly  be 
explained  in  terms  of  ordinary  annealing  (Sobolev,  1978;  1991). 

It  seems  indubitable  that  primary  factor  for  the  formation  of  different  intrinsic  and  impurity  defects 
in  diamond  is  the  initial  state  of  a  crystal  which  is  determined  by  the  conditions  of  growth.  As 
opposed  to  the  high  temperature  annealing,  the  effect  of  the  diamond’s  growth  conditions 
(composition  of  crystallization  medium,  growth  rate,  initial  concentration  of  nitrogen,  etc.)  on  the 
formation  of  the  nitrogenous  defects  is  much  less  known. 

The  present  work  is  devoted  to  the  study  the  growth  rate  influence  on  the  formation  of  C  and  A 
defects  in  diamond. 

Experimental 

Experimental  study  of  diamond  single  crystals  growth  on  seed  by  the  temperature  gradient  method 
was  carried  out  in  the  Ni-Fe-C  and  Ni-C  systems  using  high-pressure  apparatus  of  split-sphere  type 
BARS  (Pal’yanov  et  al.,  1990).  The  details  of  the  growth  techniques  and  methods  of  studying  the 
crystals  can  be  found  in  (Pal’yanov  et  al.,  1997).  Experiments  in  Ni-C  system  were  conducted  using 
crystallization  scheme  of  “well"  type.  Diamond  crystal  growths  on  a  seed  of  about  3  mm2  square  in 
a  well  filled  with  the  solvent  catalyst.  The  cross-section  of  the  well  corresponds  to  the  seed  crystal 
shape.  In  this  scheme,  square  of  diamond  growing  on  the  seed  is  constant  during  all  the  growth 
period  and  only  octahedral  growth  sector  is  present.  All  the  experiments  in  Ni-C  system  were 
performed  at  temperature  1550°C  with  duration  20  hours. 

Results  and  Discussion 

Figure  1  shows  the  dependence  of  relative  concentrations  of  the  A  and  C  centers  on  the  growth  rate, 
obtained  for  the  crystals  grown  in  Ni-Fe-C  system.  One  can  see  that  the  lower  growth  rates  the 
smaller  fraction  of  C  centers  and  the  large  that  one  of  A  centers.  The  total  nitrogen  content  (NA+Nc) 
in  these  crystals  is  on  the  average  200  ppm  and  practically  does  not  depend  on  the  growth  rate.  The 
experiments  on  the  crystal  growth  in  the  Ni-Fe-C  system  were  performed  at  one  temperature 
(1500°C)  but  with  different  duration  (at  lower  growth  rates  crystals  were  growing  for  a  longer 
periods).  So,  the  increase  of  the  A  centers  concentration  in  the  low  growth  rate  samples  could  be 
due  to  the  more  prolonged  annealing  during  the  growth  process.  At  present,  the  aggregation  of 
single  nitrogen  atoms  into  the  paired  ones  during  high-temperature  annealing  is  commonly 
described  by  the  second  order  kinetics  with  rate  equation 

Kt=l/Ct  -  1/C0 

Using  the  rate  constant  values  given  in  T.  Evans’s  review  (Evans,  1992)  it  is  possible  to  estimate  an 
annealing  time  required  for  achieving  the  observed  levels  of  aggregation.  For  the  crystal  grown  with 
the  lowest  over  the  series  rate  (mass  rate  0.8  mg/h)  we  obtain  that  the  annealing  time  should  be 
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about  3700  hours  whereas  the  growth  time  is  164  hours.  So  huge  discrepancy  clearly  indicates  that 
ordinary  annealing  could  not  be  the  major  mechanism  of  the  A  centers  formation  during  the 
diamonds  growth. 

It  is  known  that  the  aggregation  of  nitrogen  in  diamond  can  be  substantially  enhanced  by 
introduction  of  vacancies  into  a  crystal  (Collins,  1978).  Beside  this,  recently  it  was  shown  (Fisher 
and  Lawson,  1997)  that  incorporation  of  nickel  and  cobalt  into  synthetic  diamonds  also  results  in  an 
increase  in  the  aggregation  rate,  with  the  process  of  C  to  A  transformation  markedly  deviating  from 
simple  second  order  kinetics.  Since  Ni  and  Co  are  the  most  common  metals  used  in  diamonds 
growth,  the  kinetics  of  nitrogen  aggregation  in  synthetic  diamonds  and  natural  ones  may  be  quite 
different. 

To  eliminate  possible  influence  of  annealing  during  the  growth  and  clear  up  effect  of  the  growth 
rate  on  the  A  centers  formation  a  series  of  experiments  with  the  same  growth  duration  was  carried 
out.  It  should  be  noted  that  in  these  experiments  a  “well”  type  growth  scheme  was  employed  which 
allowed  diamonds  with  {111}  growth  sectors  only  to  be  grown  (to  overcome  the  problem  of  growth 
sector  dependence  of  nitrogen  incorporation  and  aggregation).  The  results  obtained  are  presented  in 
Fig.  2.  It  is  seen  that  the  dependence  of  NA/Nc  ration  is  qualitatively  the  same  as  shown  in  Fig.  1,  i. 
e.  the  lower  growth  rate  the  higher  A  centers  content.  Also  of  interest  here  is  the  increase  of  the 
total  nitrogen  content  from  80  ppm  to  600  ppm  with  decreasing  the  growth  rate. 

Now  it  is  difficult  to  determine  the  exact  mechanism  of  “grown  in”  A  centers  formation.  At  least 
three  processes  can  be  proposed: 

a)  pre-association  of  nitrogen  atoms  in  crystallization  medium; 

b)  diffusion  of  nitrogen  along  the  surface  of  growing  crystal; 

c)  nitrogen  aggregation  is  impurity  enhanced  and  incorporation  of  defects  responsible  for  the 
enhancement  depends  strongly  on  growth  rate. 

Whichever  the  process  takes  place,  the  results  obtained  in  the  present,  work  evidence  that  growth 
rate  plays  an  essential  role  in  the  formation  of  nitrogenous  defects  in  diamond.  Beside  this,  taken  in 
conjunction  with  results  of  Fisher  and  Lawson  (Fisher  and  Lawson,  1997),  they  show  that 
estimations  of  natural  diamond’s  mantle  residence  time  based  on  the  nitrogen  aggregation  obeying 
simple  second  order  kinetics  may  be  incorrect. 

This  work  was  supported  by  the  Russian  Foundation  for  Basic  Research,  project  no.  97-05-65195. 
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Genesis  of  Cocites  from  North  Vietnam:  Results  of  Melt  Inclusions  Studies  in 

Minerals 


Panina,  L.I. 

Institute  of  Mineralogy  and  Petrography,  630090  Novosibirsk,  Russia. 

Introduction.  We  have  studied  melt  inclusions  in  cocite  minerals  of  North  Vietnam  (Lacroix,  1933, 
Wagner  and  Velde,  1986;  Polyakov  et  al.,  1995)  with  the  aim  to  determine  physicochemical  parameters  of 
crystallization  and  to  elucidate  whether  these  rocks  can  be  referred  to  the  lamproite  family.  We  also 
studied  lava  breccias  of  the  Sin  Cao  district,  which  have  a  similar  chemical  composition  and  consist  of 
juvenile  clasts  and  lapilli  with  syenite  and  cocite  composition  as  well  as  xenogenic  fragments  submerged 
into  glassy  groundmass. 

Analytical  procedures.  To  homogenize  inclusions,  we  used  a  high-temperature  (up  to  1450±10°C) 
heating  stage  combined  with  a  microscope.  The  chemical  composition  of  inclusions  (glasses  and 
crystalline  phases)  was  determined  using  "Camebax"  microprobe:  the  X-ray  beam  diameter  was  2.5-3  pm, 
the  accuracy  of  measurement  -  1-1.5  wt.%.  The  fluid  phase  composition  was  determined  on  Raman 
spectrometer  "Ramanor  U-100". 

Results  of  investigations.  In  the  minerals  of  cocites  and  lava  breccias  melt  inclusions  (glassy  and  partly 
crystallized  inclusions)  with  alkaline-basic,  syenitic,  and  carbonatitic  compositions  have  been  found.  They 
are  often  separated,  but  sometimes  are  localized  in  one  mineral  grain:  alkaline-basic  inclusions  are 
scattered  in  the  grain,  syenitic  inclusions  tend  to  its  peripheral  zones,  and  carbonatitic  inclusions  are 
confined  to  the  peripheral  zones  and  fractures. 

The  alkaline-basic  inclusions  are  found  in  olivine  and  clinopyroxene,  and  they  homogenize  at  1320-1265 
and  1240-1 140°C,  respectively  The  inclusions  contain  glass  and  daughter  phases  with  chemical 
composition  typical  of  lamproites:  K-feldspar  enriched  in  BaO  and  FeO,  low-alumina  phlogopite,  and 
Ti02-  and  Cr203-rich  magnetite  The  composition  of  inclusion  glass  (Table  1)  varies  from  high-magnesian 
low-alumina,  similar  to  the  composition  of  olivine  and  diopside-leucite  lamproites  (an.  1,  8)  to  noticeably 
Al203-enriched  (15-17%)  and  MgO-depleted  (2-5  wt.%).  The  alkalis  are  dominated  by  K,  and  less  often 
the  contents  of  Na  and  K  are  equal 

The  syenitic  inclusions  are  found  in  olivine,  clinopyroxene  and  phlogopite,  and  they  homogenize  at  1 100- 
1060°C.  The  composition  of  glassy  inclusions  (Table  2)  ranges  from  trachyte  to  dacit e-rhyolite.  The  total 
of  alkalis  is  dominated  by  either  K  or  Na  The  chemical  composition  of  glassy  inclusions  is  similar  to  that 
of  interstitial  glass  in  lava  breccias,  but  they  are  slightly  richer  in  Al  (Table  2,  an  10-12). 

The  carbonatitic  inclusions  are  very  scarce,  and  they  were  found  in  clinopyroxene  and  apatite  of  cocites. 
They  contain  (wt.%,  n=5):  7-10  8  Si02,  to  0.8  Ti02,  2  4-4  A1203,  1  5-3.6  FeO,  1  4-4.3  MgO,  31-38  CaO, 
0.4  Na20,  1  6-2.1  K20,  0.1  BaO,  to  1.5  P205  and  2.2  SrO.  The  daughter  phases  of  the  inclusions  are 
apatite,  albite-oligoclase,  and  magnetite 
Conclusions. 

1.  The  presence  of  compositionally  different  melt  inclusions  in  minerals  suggests  that  cocites  and  lava 
breccias  were,  most  likely,  the  result  from  mixing  of  magmas  with  alkaline-basic  and  syenitic 
compositions.  The  contrasting  composition  of  juvenile  lapilli  and  clasts  in  lava  breccias  is  indirect  evidence 
of  this  conclusion. 

2.  The  high-magnesian  low-alumina  composition  of  some  inclusions  suggests  that  the  alkaline-basic 
magma  initially  might  have  had  a  lamproitic  composition.  The  potential  participation  of  lamproitic  melt  in 
formation  of  cocites  is  also  indicated  by  some  similar  features  of  minerals  from  lamproites  (Mitchell  and 
Bergman,  1991)  and  cocites  (Polyakov  etc.,  1997)  as  well  as  compositions  of  crystalline  phases  from 
inclusions  in  cocites. 
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3.  When  mixing  with  syenitic  melts,  lamproitic  magma  was  enriched  in  salic  components,  which  is 
confirmed  by  a  wide  occurrence  of  melt  inclusions  with  intermediate  composition  (between  lamproites  and 
syenites)  in  minerals  of  cocites  and  lava  breccias.  In  Fig.  1,  reflecting  the  position  of  lamproites  and  K- 
basaltoids  (Panina,  1995),  these  inclusions  fall  into  the  intermediate  field  and  have  abruptly  directed  trends 
of  transformation,  which  is  typical  of  mixing  media. _ 


©0-2 

O  °  -3 

O  3  -4 

O  O  -5 
A  A  -6 


100FeO/FeO+MgO+TiO2 

Fig.  1 

1-5  -  different  samples  of  cocites  and  inclusion  glasses,  respectively.  6  -  lava  breccias  and  inclusion  glasses, 
respectively.  The  pointers  show  evolution  trends  for  melt  diring  crystallization.  Dashed  lines  counter  the  fields  of 

typical  lamproites  and  K-basaltoids. _ _ 

4  The  presence  of  the  direct  and  reverse  zoning  in  the  main  minerals  (Polyakov  et  al.,  1997)  indicates  that 
magma  mixing  was  not  homogeneous,  and  phenocrysts  also  occurred:  in  lamproitic  magmas  -  olivine, 
clinopyroxene,  and  phlogopite,  in  syenitic  magma  -  Fe-rich  clinopyroxene  and  phlogopite,  K-feldspar, 
sphene,  and  Ti-rich  garnet.  Phenocrysts  seem  to  have  overgrown  from  already  mixed  melts.  According  to 
homogenization  temperatures  of  inclusions,  olivine  in  alkaline-basic  magma  started  to  crystallize  above 
1320,  and  clinopyroxene  -  at  1240-1 170°C.  Most  of  phenocrysts  in  syenitic  magma  crystallized  at  1 100- 
1060°C. 

5.  The  appearance  of  the  carbonatitic  melt  inclusions  most  likely  suggests  that  the  separation  of 
carbonatitic  melt  noticeably  enriched  in  P  and  Sr  occurred  at  the  late  crystallization  stages  of  mixing 
magma.  It  is  worth  noting  that  there  is  a  possibility  of  detecting  carbonatites  in  the  district  studied. 

6.  Among  volatiles  in  syenitic  magma  the  most  important  was  nitrogen  (up  to  100  mole  %),  while  Cl  was 
negligible  (up  to  0.64  wt.%).  Of  appreciable  significance  in  alkaline-basic  melts  along  with  Cl  (up  to  0.4 
wt.%)  was  S03  (up  to  0.86  wt.%)  and,  perhaps,  of  fundamental  -  C02,  which  is  indirectly  evidenced  by 
separation  of  carbonatitic  melt. 
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Table  1.  Chemical  composition  (wt.%)  of  rocks  and  low-alumina  Mg-rich  glasses  from  inclusions  in  minerals. 
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The  Role  of  High-Calcium  Alkaline  Sulfate-Carbonate  Melts  in  Formation  of 
Melilite-Monticellite  Rocks  and  Carbonatites  of  the  Malyi  Murun  Massif 

(Aldan,  Russia) 


Panina,  L.I.  and  Usoltseva,  L.M 

Institute  of  Mineralogy  and  Petrography.  630090  Nov  osibirsk,  Russia. 

Introduction 

The  Malyi  Murun  alkaline  massif  is  composed  of  the  following  rocks:  pyroxenite,  shonkinite,  fergusite, 
yakutite,  nepheline  syenite,  and  synnyrite  (Orlova,  1987).  The  majority  of  researchers  consider  that  this 
rock  varieties  relate  to  crystallization  and  transformation  of  a  primordial  K-basaltoid  magma.  Within  the 
Malyi  Murun  massif  there  also  occur  peculiar  lamproitic  rocks  (Vladykin,  1985;  Panina,  1995),  and  in  its 
endo-  and  exocontact  parts  —  melilite-monticellite-olivine  rocks  and  carbonatites. 

Melilite-monticellite-olivine  (Me-Mont-OI)  rocks  have  been  found  at  a  depth  of  207-260  m  as  thin  (10-15 
cm)  layers  alternating  with  pyroxenites,  shonkinites,  and  augite  syenites.  The  rocks  have  a  varying 
composition  and  are  irregularly  enriched  in  clinopyroxene,  Al-spinel,  phlogopite,  and  apatite.  They  have  a 
maculose-banded  texture  governed  by  irregular  alternation  of  sites  enriched  in  olivine,  clinopyroxene, 
melilite,  and  monticellite.  Tiny  calcite  schlieren  are  found  in  melilite-  and  monticellite-rich  zones. 
Carbonatites  represent  calcite  and  benstonite  varieties  and  are  wide  spread  mainly  in  the  exocontact  field 
of  fenites.  Calcite  carbonatites  are  developed  as  thin  (0.3-0. 5  m)  vein  bodies  which  often  spatially  coincide 
with  torgolites  (symplectitic  quartz-calcite  rocks).  Benstonite  carbonatites  are  composed  of  tabular  and 
lenticular  bodies. 

The  opinions  about  the  genesis  of  Me-Mont-OI  rocks  and  carbonatites  are  contradictory.  N.  Vladykin 
(1985)  considers  them  magmatic  formations,  relating  the  Me-Mont-OI  rocks  to  the  earliest  products,  and 
carbonatites  -  to  late  crystallization  products  of  alkaline-basalt oid  magma.  In  M.  Orlova's  (1987)  opinion 
the  Me-Mont-OI  rocks  are  exocontact  reactionary  formations,  whereas  A.  Konev,  E.Vorob'ev,  and 
K.Lazebnik  (1966)  relate  their  origin  to  a  long-term  effect  of  alkaline  melts  and  deep-seated  fluids  on  the 
country  carbonate  rocks.  The  majority  of  authors  consider  that  calcite  carbonatites  are  magmatic  in  origin. 
Object,  aim,  and  procedures  of  investigation. 

The  aim  of  our  study  is  to  elucidate  the  genesis  and  physicochemical  features  of  formation  of  Me-Mont-OI 
rocks.  The  main  methods  are  those  used  for  studies  of  inclusions  of  mineral-forming  media,  conserved  in 
minerals  The  inclusions  were  heated  using  a  high-temperature  heating  stage  combined  with  a  microscope. 
The  chemical  composition  of  inclusions  was  determined  on  the  electron  microprobe.  Salt  inclusions  were 
analyzed  by  scanning. 

Results  of  studies. 

In  the  Me-Mont-OI  rock  minerals  primary  silicate,  silicate-salt,  and  salt  inclusions  were  found.  The  silicate 
inclusions  occur  mainly  in  forsterite  and  clinopyroxene,  have  a  miaskitic  alkaline-basaltoid  composition, 
contain  13-14  wt.%  AI2O3,  and  are  characterized  by  the  predominance  of  K  over  Na  and  noticeable 
enrichment  in  BaO  (up  to  0.5  wt.%).  They  homogenize  at  1300-1270°C.  The  silicate-salt  inclusions  are 
observed  in  monticellite,  less  often  in  melilite.  They  have  (Table)  high  contents  of  MgO  and  CaO  (11-24 
and  23-35  wt.%,  respectively),  low  content  A1203  (1-5  wt.%),  predominance  of  alkalis  over  alumina 
(agpaitic  type),  and  considerable  enrichment  in  S03  (up  to  3-7  wt.%).  At  high  temperatures  most  of  the 
inclusions  were  decrepitated,  but  sometimes  at  1280-1260°C  their  immiscibility  into  silicate  and  salt 
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components  is  observed.  The  silicate  liquid  is  compositionally  similar  to  lamproitic  melts,  whereas  the  salt 
component  has  a  high-calcium  alkaline  sulfate-carbonate  composition  and  in  chemistry  corresponds  to 
salt  inclusions.  The  latter  are  widespread  in  melilite,  apatite,  and  spinel  Their  composition  (Table)  is 
characterized  by  essential  variations  in  the  major  elements.  In  general  with  increasing  contents  of  S03  in  it, 
the  contents  of  Si02  decrease  and  amounts  of  CaO  appreciably  increase,  and  among  alkalis  Na  typically 
prevails.  On  heating,  part  of  inclusions  homogenize  at  1180-1060°C,  whereas  the  other  at  close 
temperatures  (1200-1 190°C)  separates  into  alkaline-sulfate  and  carbonate  liquids.  The  alkaline-sulfate 
inclusions  are  the  most  abundant  in  apatite.  In  their  composition  (Table)  alkalis  make  up  50  and  even 
more  wt.%,  potassium  significantly  prevails  over  sodium,  the  contents  of  S03  reach  43  wt.%,  and  the 
quantity  of  other  components  does  not  exceed  0.0/-0./?  wt.%.  Carbonatitic  melt  inclusions  are  present  in 
spinel,  apatite,  and  monticellite.  They  homogenize  at  920-930°C.  In  addition  to  high  contents  of  CaO,  they 
contain  (Table)  elevated  amounts  of  Na20,  K20,  F,  and  S03. 

Discussion  and  conclusions. 

1  The  presence  of  silicate  inclusions  of  alkaline-basalt oid  composition  in  olivine  and  clinopyroxene  of  Me- 
Mont-Ol  rocks  suggests  that  these  minerals  were  formed  from  miaskitic  K-alkalme-basaltoid  magma  at 
the  early  stage  of  formations  of  the  Malyi  Murun  massif  rocks. 

2.  The  appearance  of  agpaitic  high-magnesian  low-alumina  silicate-salt  inclusions  in  monticellite  and 
melilite  indicates  that  the  formation  of  Me-Mont-Ol  rocks  was  influenced  by  one  more  magma  which 
seems  to  ascend  by  the  same,  as  K-basaltoid  magma,  magmatic  channels.  This  magma  is  compositionally 
similar  to  lamproitic  melt ,  is  salt-enriched ,  had  a  high  fluidity  and  through  a  system  of  cracks  penetrated 
into  zones  of  low  pressures  --  into  endo-  and  exocontact  parts  of  the  massif.  At  1280-1260°C  high- 
calcium  alkaline  sulfate-carbonate  melts  separated  from  it. 

3.  Salt  melts  contained  (wt.%)  30-40  CaO,  5-29  S03,  1.5-11  Na20,  1-5  K20,  1-6  Si02,  up  to  1  A1203, 
0.08  FeO,  1-1.5  MgO,  0.1-0  4  BaO,  0.2-0.5  SrO,  02-2.1  F,  and  0.1-0.8  Cl.  When  they  affected  early 
cumulates  of  miaskitic  basaltoid  magma,  olivine  and  clinopyroxene  were  replaced  by  melilite-monticellite 
paragenesis. 

4.  When  the  temperature  decreased,  salt  melt  being  in  equilibrium  with  agpaitic  alkaline  (lamproitic) 
magma  separated  at  1 190-1 180°C  into  alkaline-enriched  Sr  and  Ba  carbonatitic  melt  (0.3 -6. 6  Si02,  to  0.6 
FeO,  to  0.25  MgO,  49-54  CaO,  0  2-2.7  Na20,  0. 1-1.1  K20,  0.1-0.95  BaO,  uo  to  0.3  SrO,  up  to  1.1  F, 
0.02-3.6  wt.%  S03)  and  alkaline  sulfate  melt  (7-10  Na20,  37-42  K20,  37-42  S03,  0.4-3  wt.%  CaO). 

5.  Spatial  separation  of  these  salt  liquids  at  the  macrolevel  occurred  as  formation  of  calcite  carbonatites 
and  formation  of  different  alkaline-sulfide  (jerfishirite,  murunskite,  etc  ),  sulfide  and  sulfate  (barite, 
celestite,  barytocelestite,  etc.)  mineralization,  which  extremely  typical  of  the  Murun  massif 

References 

Orlova.  M.P.,  1987,  New  data  on  geology  of  the  Malyi  Murun  massif  (southwestern  Aldan):  Soviet  Geologiy,  9,  p.  83-92. 
Konev,  A.  A,  Vorob'ev,  E.I.,  and  Lazebnik  K.A.,  1996,  Mineralogy  of  the  Murun  alkaline  massif  [in  Russian]:  Novosibirsk 
Nauka.  221  pp 

Panina,  L.I.,  1985.  Physico-chemical  conditions  of  crystallization  of  low-titanium  lamproites  Aldan  (Siberia):  Extended 
Abstracts  of  the  Sixth  Kimberlite  Conference.  Novosibirsk  p.  421423. 

Vlady  kin.  N.V.,  1985.  First  find  of  lamproites  in  USSR:  Dokl.  AN  USSR,  280,  p.  718-722. 


656 


Table.  Chemical  composition  (wt%)  of  silicate-salt  (SiSa)  and  Salt  (Sa)  inclusions 
in  minerals  of  Me-Mont-Ol  rocks. 


Object 

Si02 

A1203 

FeO 

MgO 

CaO 

Na20 

K20 

P2O5 

BaO 

SrO 

F 

Cl 

S03 

Total 

Silicate-salt  inclusions 

SiSah  in  Mont 

33,4 

1,67 

1,8 

21,6 

28,3 

0,00 

0,9 

- 

0,1 

0,0 

0,0 

0,03 

0,14 

87,94 

SiSa  in  Mont 

38,1 

4,26 

0,7 

18,1 

28,5 

1,08 

0,1 

0,02 

0,0 

0,1 

- 

- 

3,06 

94,02 

Ca-rich  alkaline  sulfate-carbonate  salt  inclusions 

Sah  in  Me 

5,8 

0,65 

0,2 

1,5 

32,4 

5,12 

2,8 

0,21 

0,1 

- 

0,9 

0,21 

12,70 

62,59 

Sah  in  Sp 

1,2 

0,95 

0,8 

0,5 

31,7 

1,32 

2,8 

- 

0,5 

- 

2,7 

0,63 

13,40 

56,50 

Sah  in  Me 

0,8 

0,00 

0,1 

0,3 

36,6 

10,8 

4,3 

1,26 

0,2 

0,3 

- 

- 

15,60 

70,26 

Sah  in  Me 

1,8 

0,07 

0,0 

0,4 

40,3 

4,46 

2,7 

1,03 

0,2 

0,3 

- 

- 

19,80 

71,06 

Sah  in  Me 

1,2 

0,04 

0,2 

0,3 

41,9 

3,24 

2,3 

1,03 

0,0 

0,3 

- 

- 

19,90 

70,41 

Sah  in  Me 

0,9 

0,00 

0,0 

0,3 

41,2 

6,07 

3,7 

1,52 

0,3 

0,4 

- 

- 

20,70 

75,09 

Sa  in  Sp 

2,3 

1,00 

0,4 

0,5 

39,7 

2,02 

8,4 

0,00 

0,4 

0,5 

1,8 

0,19 

29,60 

86,81 

Carbonatite  melt  inclusions 

Sah  in  Sp 

1,9 

0,08 

0,3 

0,0 

53,1 

0,52 

0,9 

- 

0,1 

- 

1,1 

0,00 

8,86 

66,96 

Sa  in  Sp 

0,3 

0,00 

0,3 

0,1 

56,5 

0,09 

1,5 

0,01 

0,4 

- 

0,6 

0,00 

1,07 

60,97 

Sa  in  Mont 

0,4 

0,00 

0,2 

0,3 

57,2 

0,14 

0,2 

0,01 

- 

- 

0,6 

- 

- 

59,05 

Sa  in  Ap 

0,1 

0,00 

0,1 

0,1 

49,2 

2,70 

0,2 

0,22 

4,3 

- 

0,5 

0,01 

0,02 

57,45 

Sa  in  Ca 

6,6 

0,04 

0,1 

0,2 

49,8 

1,89 

0,0 

0,14 

0,0 

0,2 

- 

- 

0,03 

59,00 

Alkaline-sulfate  melt  inclusions 

Sain  Ap 

0,1 

0,00 

0,0 

0,0 

5,6 

9,16 

29,4 

- 

0,2 

- 

0,3 

0,47 

40,49 

85,72 

Sain  Ap 

0,0 

0,00 

0.0 

0,0 

0,5 

9,27 

42,2 

0,00 

- 

- 

0,0 

0,00 

42,89 

94,86 

Inclusions:  SiSa,  Sa  -  unheated ;  SiSah,  Sah  -  heated,  up  to  homogenization  and  quenched.  Minerals:  Mont 
-  monticellite,  Me  -  mehlite,  Sp  -  A  1-spinel,  Ap  -  apatite,  Ca  -  calcite. 


Scheme  of  separation  of  salt  melts  from  Mg-rich  low-alumina  agpaitic  magma  and 

evolution  of  salt  melts 


Salt-ricb  magma 

1280-1260°C 
separation 


i 


Ca-rich  alkaline  sulfate-carbonate  salt  melts 

1190-1 180°C 
liquatic»i 


Carbonatite  melt 


Alkaline  sulfate  melt 
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Lithospheric  mantle  growth  around  cratons:  A  Re-Os  isotope  study  of 
peridotite  xenoliths  from  East  Griqualand 
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Washington,  DC  20015,  U.S.A. 

3  Geophysical  Laboratory,  Carnegie  Institution  of  Washington,  5251  Broad  Branch  Rd,  N.W. 

Washington.  DC  20015,  U.S.A. 

4  School  of  Earth  Sciences,  Leeds  University,  Leeds,  LS29JT,  U.K. 

Introduction 

A  growing  data  base  of  Re-Os  isotope  measurements  on  peridotite  xenoliths  erupted  by  kimberlites 
through  the  Kaapvaal  craton  has  greatly  improved  our  knowledge  of  how  cratonic  lithosphere  evolves 
(Walker  et  al,  1989;  Pearson  et  al,  1995;  Carlson  et  al,  this  vol.).  Similar  data  for  the  lithosphere 
around  the  craton  margins  is  scarce,  with  only  one  study  of  Namibian  peridotites,  erupted  well  off  the 
exposed  margin  of  the  craton  (Pearson  et  al,  1994).  Such  samples  are  of  interest  because  they  have 
the  potential  to  provide  information  on  (i)  how  the  cratonic  crust  may  over-ride  the  lithospheric 
mantle,  and  its  obvious  implications  for  diamond  exploration  (ii)  the  physical  nature  of  the  transition 
from  Archaean  to  post-Archaean  lithospheric  mantle  and  (iii)  any  secular  variation  in  the  processes 
that  lead  to  the  formation  of  lithospheric  mantle  on  and  around  cratons.  To  answer  some  of  these 
questions  we  have  studied  a  suite  of  peridotite' xenoliths  erupted  close  to  the  S.E.  margin  of  the 
Kaapvaal  craton  in  East  Griqualand. 

Samples:  Petrography  and  mineral  compositions 

The  xenolith  samples  were  collected  from  the  Ramatseliso,  Clarkton  and  Abbotsford  kimberlites  in 
East  Griqualand.  along  the  S.E.  border  with  Lesotho.  These  kimberlites  erupt  through  crust 
underlain  by  the  Namaqua-Natal  Mobile  Belt  and  range  in  age  from  150  to  194  Ma  in  the  basis  of 
zircon  ages  (Boyd  and  Nixon,  1979).  Mantle  xenoliths  include  lherzolites,  megacrysts,  veined  and 
metasomatised  dunites  and  ilmenite-orthopyroxenites  (Boyd  and  Nixon,  1979).  As  with  cratonic 
samples,  the  suite  may  be  divided  up  on  the  basis  of  pyroxene-solvus  thermometry  into  a  high-T 
and  low-T  suite,  with  the  compositional  break  at  1 100  C.  There  is  general  correspondence  between 
low-T  samples  having  coarse,  equigranular  textures  and  high-T  samples  being  deformed,  although 
some  coarse  samples  have  high  equilibration  temperatures  (Nixon  and  Boyd,  1979).  The  low-T 
samples  have  mean  olivine  mg-numbers  of  92.1,  intermediate  between  the  mean  for  Kaapvaal  low-T 
peridotites  (92.8)  and  Namibian  low-T  peridotites  (91.8)  perhaps  indicating  some  transitional 
character  in  the  samples  much  closer  to  the  known  craton  margin. 
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Re-Os  isotope  results  and  implications 


A  suite  of  19  peridotite  xenoliths  have  been  analysed  for  Os  isotope  compositions.  Os  contents 
span  a  similar  range  to  cratonic  peridotites  (1  to  4  ppb)  although  some  samples  appear  to  have 
anomalously  low  Os  (0.2  ppb).  Os  isotope  ratios  a  also  variable,  187Os/188Os  =  0.12475  to  0.1 1 199 
but  do  not  reach  the  very  unradiogenic  values  seen  in  cratonic  peridotite  suites  (Pearson  et  al,  1995; 
Carlson  et  al.  this  vol.).  Using  the  TRD  approach  (see  et  al,  this  vol.)  the  East  Griqualand  suite  give 
Re  depletion  model  ages  in  the  range  between  present-day  (probably  metasomatised  samples)  and 
2.3  Ga,  i.e.,  slightly  older,  but  within  error  of  the  ages  reported  by  Pearson  et  al  (1994)  for  the 
Namibian  suite.  The  mean  TRD  age  for  the  East  Griqualand  suite  is  slightly  higher  than  that  of  the 
Namibian  peridotites,  again  possibly  hinting  at  some  transitional  character  between  cratonic  samples 
and  the  more  remote-from  craton  Namibian  peridotites.  However,  there  is  no  clear  indication  of  an 
Archaean  age  for  any  east  Griqualand  peridotite,  suggesting  a  sharp  transition  at  the  SE  craton 
margin  from  peridotites  with  some  of  the  oldest  Tro  ages  on  craton  (3.3  Ga)  to  Proterozoic  mantle, 
over  a  very  short  distance.  The  results  for  circum-cratonic  peridotites  to-date  indicate  that  the 
craton  margin  at  mantle  depths  is  sharply  defined  and  that  the  apparently  younger,  circum-cratonic 
lithosphere  is  of  different  petrological  and  chemical  nature,  being  less  refractory.  These  results 
support  similar  conclusions  made  on  the  basis  of  trace  element  analyses  of  mineral  concentrates  in 
kimberlites  (Griffin  et  al,  1998).  Finally,  the  Proterozoic  ages  for  the  East  Griqualand  peridotite 
suite  confirm  the  general  coherence  between  crust  and  mantle  ages  on-  and  off-craton  (Fig.  1 ). 
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Lesotho,  R  =  Ramatseliso,  A  =  Abbortsford. 
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Archaean  Kaapvaal  Craton 
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Introduction 

Knowledge  of  diamond  crystallisation  ages,  their  relationship  to  the  host  kimberlite,  and  the 
lithosphere  that  they  are  erupted  through  also  has  important  implications  for  diamond  exploration. 
However,  because  of  technical  difficulties,  the  crystallisation  ages  of  different  suites  of  diamonds  is 
one  of  the  least  well  known  aspects  of  diamond  geology.  Sm-Nd  model  and  isochron  ages  of  silicate 
inclusions  have  been  obtained  for  various  suites  of  diamonds  (e.g.,  Richardson  et  al,  1984;  1993). 
Because  of  the  low  Nd  contents  of  silicate  inclusions  this  approach  necessitates  the  compositing  of 
inclusions  from  many  different  diamonds  that  may  not  be  co-genetic.  Furthermore,  documentation  of 
zonation  within  silicate  inclusions  in  diamonds  suggest  the  possibility  of  very  young  ages  for  some 
diamonds  (Shimizu  and  Sobolev,  1995).  We  have  sought  to  obtain  ages  from  single  sulfide 
inclusions  within  diamonds  by  utilising  the  Re-Os  isotope  technique. 

Samples  and  analytical  methods 

Sulfide  inclusions,  exposed  during  polishing  of  diamond  “plates”  cut  from  whole  stones  were 
selected  for  analyses.  Where  plates  contained  multiple  inclusions  they  were  laser  cut  to  obtain 
fragments  with  single  inclusions.  This  allows  the  possibility  of  obtaining  ages  from  individual  sulfide 
inclusions  from  different  growth  zones  of  the  diamonds  (Pearson  et  al,  submitted)  and  even  isochrons 
from  single  diamonds  (Pearson  et  al,  in  press).  Many  of  the  inclusions  studied  have  been  previously 
characterised  for  major  and  trace  elements  (Bulanova  et  al,  1996).  The  attraction  of  the  technique  is 
that  the  Os  from  single  sulfide  and  eclogite  paragenesis  diamonds  can  be  distilled,  using  a  micro¬ 
distillation  technique  that  yields  procedural  blanks  of  5  fg  (5*10'15g).  Such  blanks,  combined  with 
the  high  ionisation  efficiencey  of  N-TIMS  permit  isotope  ratios  to  be  measured  to  better  than  1  % 
precision  on  less  than  1  pg  of  Os.  Re  is  then  separated  on  micro-anion  cols  (blank  c.  100  fg),  or  run 
directly  on  an  Elan  6000  ICP-MS  using  direct  injection  nebulisation  (blank  50  fg).  If  a  mixed  PGE 
spike  is  added  before  distillation,  isotope  dilution  data  for  Pt,  Ir  Pd  and  Ru  can  also  be  determined  by 
ICP-MS  on  the  same  sulfide  grain.  The  host  diamond  plates  for  each  sulfide  analysed  are  examined 
for  internal  structure  using  cathodoluminescence,  and  their  N-content  and  aggregation  state  is 
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measured  using  FTIR  spectroscopy  to  try  to  relate  the  radiometric  inclusion  ages  to  aggregation 
information  in  order  to  better  understand  the  information  gained  from  aggregation  studies. 

Results 

Sulfide  inclusions  in  diamond  have  been  broadly  related  paragenetically  to  silicate  inclusions  in 
diamonds  based  on  their  Ni  content.  Those  relating  to  the  eclogite  parage nesis  (E-type  inclusions), 
have  less  than  c.  16  wt%  Ni  while  those  corresponding  to  a  peridotitic  (P-type)  paragenesis  have 
higher  Ni  contents  (Yefimova  et  al,  1983;  Bulanova  et  al,  1996).  This  system  may  not  be  universally 
applicable  as  there  appears  to  be  a  compositional  continuum  fromlow-Ni  to  high-Ni  sulfides 
(Bulanova  et  al,  1996;  Deines  and  Harris,  1995)  and  Ni-rich  pentlandites  can  befound  in  websterite 
xenoliths  (Pearson  et  al,  in  press).  However,  a  combination  of  sulfide  PGE  and  Ni  contents  does 
appear  to  be  a  powerful  paragenetic  discriminant  (Bulanova  et  al,  1990;  Pearson  et  al,  in  press).  P- 
type  sulfides  have  high  Os  content,  from  c  1  to  over  20  ppm.  In  contrast.  E-type  sulfides  have  low 
Os,  less  than  1  ppm.  6  E-type  sulfides  from  the  Koffiefontein  pipe,  S.  Africa  have  Os  contents  from 
5  to  122  ppb  whereas  the  range  is  somewhat  larger  for  Siberian  E-type  sulfides  (3  tp  748  ppb,  with 
samples  from  Mir  showing  the  largest  range.  Re/Os  of  the  two  paragenetic  groups  mirror  that  seen  in 
xenolith  suites,  i.e.,  E-type  sulfides  have  higher  Re/Os  than  P-type  sulfides,  consistent  with  then- 
differing  origins.  This  difference  is  Re/Os  is  refelcted  in  the  measured  Os  isotopic  ratios,  with  E-type 
sulfides  being  generally  substantially  more  radiogenic  than  P-types.  E-type  187  Os/188  Os  range  from 
0.120  to  0.694  whereas  P-type  sulfides  range  from  very  unradiogenic  values,  0.1056,  characteristic 
of  ancient  Re-depletion,  and  similar  to  the  least  radiogenic  Siberian  xenolith  measurements  (Pearson  et 
al,  1995),  to  values  close  to  present-day  convecting  mantle  (0.1270).  One  P-type  sample  from  Aikhal 
has  an  unusually  radiogenic  187  Os/188  Os  of  0.2255. 

Diamond  formation  ages 

The  most  unradiogenic  187  Os/188Os  for  P-type  inclusions  from  Udachnaya  (inclusing  a  sample  with 
3  separate  inclusions, plus  another  diamond  sulfide)  are  supported  by  low  Re  contents,  giving  Re-Os 
model  ages  of  between  3.1  ±  0.3  and  3.5  ±  0.3  Ga  and  suggesting  very  ancient  crystallisation  ages,  as 
indicated  by  insitu  Pb-isotope  measurements  (Rudnick  et  al,  1993).  These  ages  are  in  close 
agreement  with  the  Sm-Nd  model  ages  obtained  for  P-type  diamond  composites  from  Finsch  and 
Kimberley,  S.  Africa  (Richardson  et  al,  1984)  but  in  marked  contrast  to  the  young  crystallisation  age 
suggested  by  a  Re-Os  isochron  and  model  ages  for  2  sulfides  from  a  P-type  diamond  from 
Koffiefontein,  S.  Africa  (Pearson  et  al,  in  press).  Re  data  are  not  presently  available  for  the  E-type 
Siberian  sulfides  and  so  we  cannot  yet  constrain  their  age.  A  suite  of  E-type  sulfides  from 
Koffiefontein,  S.  Africa  have  Proterozoic  madel  and  isochron  ages. 

When  evaluating  the  P-type  sulfide  Re-Os  ages  it  is  important  to  consider  to  what  extent  their 
ancient  model  ages  could  be  a  product  of  recent  sulfide  (and  diamond)  crystallisation  inheriting  more 
ancient  isotopic  systematics,  for  instance  due  to  re-mobilisation  of  ancient  lithospheric  sulfides. 
The  current  data  base  does  not  support  this  possibility.  The  likelyhood  of  3  different  sulfides 
within  the  same  diamond  inheriting  ancient  Os  isotope  signatures  that  are  supported  by  the 


662 


measured  Re/Os  is  not  strong  (Pearson  et  al,  submitted).  Furthermore,  the  high  degree  of  measured 
N-aggregation  of  the  host  diamond  to  these  sulfides  produce  data  which  lie  on  smooth  isotherms  at 
reasonable  mantle  temperatures  for  a  3  Ga  mantle  residence  time.  This,  combined  with  an  additional 
P-type  sulfide  inclusion  from  the  same  mine,  Udachnaya,  giving  a  model  age  within  the  small  spread 
of  ages  defined  by  the  inclusions  in  sample  3648  further  mitigate  against  inheritance  as  an 
explanation  for  the  ancient  model  ages.  Thus,  we  beleive  that  the  two  P-type  Siberian  diamonds 
crystallised  in  the  mid- Archaean.  With  further  analyses  of  Siberian  diamonds  we  hope  to  determine 
the  overall  timing  of  P-  and  E-type  diamond  formation  in  the  Siberian  lithosphere,  and  compare  this 
with  Kaapvaal  diamond  formations  ages  which  current  indicate  diamond  crystallisation  over  a  range 
of  geological  time  (Pearson  et  al,  in  press).  The  potential  of  the  single-crystal  Re-Os  dating 
technique  to  obtain  isochrons  for  single  diamonds  makes  it  extremely  powerful  in  diamond 
geochronology. 
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Introduction/regional  geology 

Occurrences  of  alluvial  diamonds  along  the  dominantly  Phanerozoic  margin  of  eastern  Australia  have 
been  well  documented.  Most  attention  has  been  devoted  to  diamonds  from  the  Copeton  and 
Bingara  deposits,  which  appear  to  be  highly  unusual  in  terms  of  their  inclusion  compositions  and 
carbon  isotopic  signatures  (Sobolev,  1984).  However,  many  diamonds  at  other  locations,  e.g„ 
Wellington,  New  South  Wales,  show  features  much  more  in  common  with  kimberlite-derived 
diamonds  occurring  on  cratons  (Davies  et  al,  this  volume).The  origin  and  age  of  the  eastern 
Australian  diamonds  is  a  controversial  topic  with  significant  bearing  on  the  genesis  of  diamonds  in 
non-cratonic  regions  (e.g.,  Sobolev,  1984;  O’Reilly,  1989;  Baron  et  al,  1996;  Griffin  et  al,  1998). 
Because  of  the  unusual  setting  of  the  diamonds  there  are  few  geological  factors  that  may  be  used  to 
constrain  their  age.  The  aim  of  this  study  has  been  to  try  to  date  some  of  the  diamonds  and  also 
constrain  their  provenance  using  the  Re-Os  isotope  system  on  single  sulfide  inclusions.  The  regional 
geology  in  the  areas  where  alluvial  diamonds  occur  in  eastern  Australia  is  considered  to  be 
dominantly  Phanerozoic.  Basement  consists  of  early-  to  mid-Paleozoic  orogenic  complexes  of  the 
Lachlan  Fold  Belt  together  with  parts  of  the  Mesozoic  New  England  Fold  Belt  but  some  tectonic 
models  invoke  delamination  of  more  ancient  lithospheric  mantle  (Turner  et  al  1996).  Handler  et  al 
(1997)  have  recently  provided  convincing  evidence  of  early  Proterozoic  mantle  from  Mt.  Gambier, 
beneath  the  edge  of  the  Gawler  craton,  much  further  SW  than  the  diamonds  discussed  here.  The  aim 
of  this  study  was  to  constrain  the  age  of  diamond  growth  in  this  region,  and  to  constrain  better  the 
nature  of  their  source  regions. 

Samples  &  diamond  population 

Diamonds  The  Wellington  diamonds  occur  in  the  Macquarie  River  system,  cutting  the  Lachlan 
Fold  Belt.  Davies  et  al  (this  vol.)  have  divided  the  Wellington  diamonds  into  2  main  groups,  termed 
A  and  B.  Group  A  are  largely  of  peridotitic  paragenesis,  with  inclusions  of  olivine,  wustite  and 
pentlandite  and  this  group  makes  up  80%  of  the  diamond  population  at  Wellington.  The  sulfides 
studied  here  are  from  this  group.  These  diamonds  have  normal  C-isotopic  signatures  and  internal 
growth  structures  typical  of  kimberlite/lamproite-derived  diamonds  (Davies  et  al,  this  vol.). 
Furthermore,  etch  features  comparable  to  those  observed  on  the  surfaces  of  diamonds  from 
kimberlites  and  lamproites  occur  on  Group  A  diamonds.  Group  B  diamonds  are  similar  to  those 
from  Copeton  and  Bingara,  and  have  more  eclogitic  affinities,  although  numerous  samples  have 
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anomalously  heavy  C-isotopic  compositions  (Sobolev,  1984).  The  abundance  ratio  of  Group  A  to 
B  diamonds  is  4:1  at  Wellington,  in  contrast  to  the  predominance  of  Group  B  stones  at  Copeton  and 
Bingara  (Davies  et  al,  this  vol.).  Surface  features  of  Group  B  diamonds  suggest  that  they  have 
experienced  a  different  alluvial  history  to  Group  A. 

Nitrogen  contents  and  aggregation  :  The  two  diamonds  studied,  W92  and  W1 19  are  morphologically 
similar,  with  very  resorbed  glossy  surfaces.  W1 19  has  a  core  region  with  500  ppm  N  of  which  60  % 
is  aggregated  to  the  IaB  form,  and  comes  from  a  sub-group  with  generally  high  N  contents,  relatively 
low  N  aggregation  states  and  octahedral  growth  zoning.  There  is  a  sharp  rim  transition  on  W1 19  to 
diamond  with  lower  N  (60  ppm)  and  lower  aggregation  (17  %  IaB).  W92  has  450  ppm  N  (10  %  or 
less  IaB).  This  diamond  comes  from  a  rare  sub-group  of  unusual  stones  with  low  N  contents  (140- 
900  ppm)  but  high  N  aggregation  (45  to  95%  IaB).  Internal  growth  structures  in  this  group  are 
complex  and  show  multiple  growth  and  resorption  events.  High  degrees  of  plastic  deformation  are 
observed  in  group  B  that  may  have  enhanced  nitrogen  aggregation  (Davies  et  al,  this  vol.).  The 
different  N  contents  and  N-aggregation  characteristics  of  W119  and  W92  combined  with  their 
differing  surface  and  morphological  features  indicate  they  may  not  be  from  the  same  diamond 
population.  Sulfide  inclusions  :  Two  pentlandite  sulfide  inclusions  from  separate  diamonds  were 
analysed  for  Re-Os  isotopes  using  a  new  micro-chemistry  technique  (Pearson  et  al,  in  press).  Re 
concentrations  were  determined  with  an  Elan  6000  ICP-MS  and  CeTac  direct  injection  nebuliser. 
The  sulfide  inclusion  in  W119  contains  22.2  %  Ni  and  that  in  W92  contains  17  %  Ni.  W92  is 
surrounded  by  a  relatively  silica-rich  (10.0  to  19.9  %  Si02),  highNiO  (37.6  to  52.1  %  NiO)  reaction 
rim  of  uncertain  origin. 

Re-Os  isotope  results 

Sulfide  Os  contents  are  20.7  to  14.7  ppm,  within  the  range  previously  reported  from  pentlandites  in 
other  diamonds  (Bulanova  et  al,  1996;  Pearson  et  al,  in  press  and  submitted).  The  two  sulfide 
inclusions  have  very  different  Os  isotope  ratios  (Table  1 ),  but  both  are  significantly  less  radiogenic 
than  bulk  Earth  (yOs,  -4.8  to  -13.4). 

Table  1.  Os  isotope  data  for  Wellington  sulfide  inclusions  in  diamonds. 


Sample 

Re  ppb 

Os  ppb 

1870s/1880s 

yOsi 

TmaGa 

W92 

490 

20664 

0.11002  ±  17 

-13.4 

3.4  ±  0.3 

W119 

706 

14687 

0.12088  ±  57 

-4.8 

2.1  ±  0.3 

The  least  radiogenic  value  is  significantly  lower  than  the  lowest  value  recorded  from  peridotite 
xenoliths  from  S.E.  Australia  by  Handler  et  al  (1997);  Fig.  1.  Interestingly,  this  low  value  is  well 
within  the  range  observed  for  cratonic  peridotites  (Fig.  1)  and  overlaps  the  range  of  Os  isotope 
compositions  measured  in  Siberian  P-type  diamonds  so  far.  C-isotope  compositions,  internal 
growth  structure  and  morphology  indicate  that  Group  A  diamonds  may  be  kimberlite/lamproite 
derived,  probably  from  a  cratonic  area.  The  Re  depletion  ages  (minimum  likely  age  of  Os  for  the  two 
sulfides  are  0.93  and  2.5  Ga.  Re-Os  model  ages  date  the  crystallisation  of  the  diamond  if  the 
inclusion  is  syngenetic.  W92  thus  appears  to  have  formed  in  the  Archaean,  in  agreement  with  Os 
results  from  Siberian  P-type  diamonds.  This  formation  age  is  consistent  with  the  notion  of  a 
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conventional  source  for  Group  A  diamonds,  being  derived  from  a  craton  to  the  West  through  alluvial 
reworking  (Davies  et  al,  this  vol.).  The  more  radiogenic  Os  isotope  composition  of  W1 19  is  well 
within  the  range  of  S.E.  Australian  lithospheric  peridotites  (Fig.  1)  but  its  Re-Os  model  age  suggests 
formation  in  the  Proterozoic.  This  age  contrasts  with  W92,  but  is  consistent  with  the  idea  that  the 
two  diamonds  may  come  from  separate  populations. 

Fig.  1  .  Initial  Os  isotope  composition  of  2  E.  Australian  diamonds  compared  to  Kaapvaal  peridotite  xenoliths 
(Pearson  et  al,  1995)  and  S.E.  Australian  peridotite  xenoliths  (Handler  et  al,  1997). 
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Diamond  growth  conditions  and  preservation:  Inferences  from  trace  elements 
in  a  large  garnet  inclusion  in  a  Siberian  diamond. 
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Introduction 

The  ability  of  syngenetic  mineral  inclusions  in  diamond  to  record  detailed  information  on  the 
chemical  conditions  prevailing  during  diamond  growth,  coupled  with  FTIR  spectroscopic  analyses 
for  N  content  and  aggregation  of  the  host  diamond  provides  an  opportunity  to  gain  valuable  insights 
into  diamond  growth  and  evolution.  In  this  study  we  have  used  SIMS  to  elementally  characterise  a 
large  (400  pm)  garnet  inclusion  within  a  diamond  from  Udachnaya,  Siberia,  and  FTIR  spectroscopic 
analysis  of  the  host  diamond  to  try  to  provide  such  insights  into  the  growth  environment  of  this  P- 
type  diamond. The  garnet  inclusion  within  a  polished  diamond  plate  was  analysed  for  trace  elements 
using  a  Cameca  imf-4  ion-probe  at  Edinburgh  University.  The  primary  beam  energy  was  14.5  keV 
and  molecular  interferences  were  surpressed  using  an  energy  offset  of  75  ±  20  eV.  Elemental 
abundances  were  normalised  to  the  SRM  610  glass  standard. 

Results 

Sample  3649  contained  a  large  (c.  400  pm)  sub-calcic  garnet  inclusion  with  1 1  wt%  Cr203  and  c.  4.5 
%  CaO.  plotting  well  into  the  “harzburgite  field’'  of  Sobolev  (1974)  and  clearly  belonging  to  the 
peridotite-suite.  No  obvious  major  elemental  heterogeneity  was  observed  in  12  electron  microprobe 
analyses  of  the  grain.  22  spot  ion-probe  analyses  were  obtained  over  the  inclusion.  At  first  sight 
the  garnet  inclusion  appears  as  homogenous  in  trace  elements  as  for  major  elements,  especially  in  its 
REE  content  (Fig. la).  Closer  examination  reveals  some  subtle,  but  distinct  zonation.  Ba  and  La 
vary  by  factors  of  c.  2,  i.e.,  well  outside  the  level  of  counting  statistics,  around  the  garnet  rim,  while 
the  core  is  homogeneous  at  the  level  of  counting  statistics.  Significant  variability  is  observed  for  both 
Y  and  Zr  (Fig.  lb)  that  are  well  outside  counting  statistics  errors.  The  occurrence  of  trace  element 
zonation  within  an  inclusion  that  appears  homogenous  for  major  elements  has  been  noted  before 
(Shimizu  et  al,  1997)  and  suggests  that  caution  is  needed  in  assuming  homogeneity  within  diamond 
inclusions.  The  core  of  3649  garnet  is  subtly  zoned,  in  Y  and  Zr,  in  a  linear  trend  that  approximates 
the  more  significant  zonation  shown  by  the  rim  analyses,  which  show  a  strong  positive  linear  co¬ 
variation  (Fig.  lb).  Zr  diffusion  coefficients  for  garnet  are  not  well  known..  If  we  assume  that  Y 
diffusion  coefficients  are  comparable  to  some  of  the  HREE  then  the  elemental  zoning  around  the 
edge  of  this  garnet  cannot  have  persisted  for  100’s  of  Ma,  implying  a  young  age  for  the  diamond. 
This  raises  the  question  of  whether  there  is  any  evidence  for  open  system  behaviour  in  the  host  that 
may  have  allowed  ingress  of  later  fluids  to  cause  such  zonation.  The  host  diamond  to  3649  contains 
very  little  N  (<50  ppm)  but  with  some  aggregation  (c.  15%  N  as  B).  Calculations  suggest  that  for 
short  mantle  residence  times  (0. 1  Ga  or  less)  this  diamond  would  have  experienced  temperatures  as 
hot  as  1250  C. 
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Conditions  of  garnet  growth 

The  shape  of  the  REE  pattern  for  3649  (Fig.  la)  is  the  typical  sinusoidal  pattern  observed  for  garnet 
inclusions  in  diamond  (Shimizu  and  Richardson,  1987;  Shimizu  et  al,  1997)  and  many  garnets  in 
low-T  cratonic  peridotites.  This  behaviour  may  reflect  the  lag  of  equilibrium  versus  crystal  growth, 
where  the  garnet  is  encapsulated  before  it  has  achieved  equilibrium  with  its  growth  medium  (Shimizu 
et  al,  1997).  P-type  garnet  inclusions  in  diamonds  commonly  have  low  Ti  and  Zr  contents  and  low 
Ti/Zr  (Fig.  lc),  and  this  has  been  variously  attributed,  along  with  anomalously  high  Sr  contents,  to 
the  influence  of  a  carbonate-rich  melt  during  growth  of  the  garnet,  and  diamond  (Griffin  et  al,  1993; 
Shimizu  et  al,  1997).  Data  for  3649  garnet  (1100  ppm  Ti,  c.  95  ppm  Zr),  when  considered  with 
published  data  for  other  Siberian  diamonds  clearly  indicates  a  different  sub-population  with 
relatively  high  Ti  and  very  high  Zr  (Fig.  lc)  that  does  not  seem  likely  to  be  a  carbonatite  signature. 
Indeed,  the  high  Sr  content  of  P-type  garnet  inclusions,  taken  as  being  indicative  of  a  carbonate-rich 
environment,  seems  specifically  related  to  low  Zr  contents  (<20  ppm).  The  High  Zr  content  and 
relatively  low  Ti/Zr  of  some  Siberian  garnet  inclusions  is  similar  to  the  signature  observed  in  garnets 
from  the  low-T  garnet  peridotite  xenolith  suite  (Fig.  lc).  Such  a  signature  is  distinct  from  the  high 
Ti/Zr  characteristics  of  garnets  from  high-T  lherzolite  xenoliths  that  are  more  clearly  related  to 
basaltic  melt  interaction  (Fig.  lc  and  d).  These  inferences  are  supported  by  the  very  high  Zr/Y  of 
3649  and  similar  Siberian  inclusions.  This  shallow  trending  field  in  Zr-Y  space  seen  in  xenolith- 
derived  garnets  has  been  attributed  to  the  influence  of  processes  involving  the  growth  of  phlogopite. 
This  same  process  may  have  caused  the  elemental  signature  seen  in  the  high  Zr  garnet  inclusions  as 
they  grew  with  diamond. 

Implications  for  diamond  preservation 

Based  on  correlations  between  kimberlite  diamond  grades  and  garnet  chemistry,  Griffin  and  Ryan 
(1995)  have  proposed  that  metasomatic  mantle  processes  involving  enrichment  of  Ti,  Zr  and  Y, 
similar  to  that  observed  for  garnets  from  high-T  peridotite  xenoliths,  has  a  detrimental  effect  on 
diamond  preservation.  No  clear  relationship  was  evident  between  garnet  grade  and  the  high  Zr,  low 
Y  signatures  observed  for  garnets  from  low-T  peridotites.  Garnet  inclusions  from  Siberian  and 
Kaapvaal  diamonds  show  evidence  for  both  types  of  signature  (Fig.  Id).  Most  garnet  inclusions 
have  very  low  Zr  and  Y.  characteristic  of  highly  depleted  compositions  (Griffin  et  al,  1992).  A 
small  fraction  of  the  Siberian  P-type  garnet  inclusion  population  show  trends  towards  high  Zr  and 
Y,  with  Zr/Y  between  2  and  5,  characteristic  of  so-called  “melt-metasomatised”  garnets.  A  similar 
trend  is  shown  by  “lherzolitic”  P-type  garnet  inclusions  in  diamonds  from  Ghana  (Stachel  &  Harris, 
1997).  This  signature  in  some  garnet  inclusions  in  diamonds  shows  that  some  diamonds  (albeit  a 
very  small  fractions)  may  grow  under  such  chemical  conditions  and  raises  the  question  of  whether  it 
is  the  “melt”  or  increased  temperature  that  is  deleterious  to  diamonds.  Applying  similar  rationale  to 
the  high  Zr/Y  signature  it  is  evident  that  a  reasonable  proportion  of  the  garnet  inclusions  analysed  so 
far  from  Siberia  and  S.  Africa  have  formed  in  this  type  of  environment.  Hence,  what  ever  processes 
is  causing  this  elemental  fingerprint,  it  would  be  appear  to  be  conducive  to  diamond  crystallisation. 
If  the  high  Zr/Y  signature  indicates  that  phlogopite  is  crystallising  from  the  same  fluid/melt  that  the 
garnet  and  diamond  formed  from  this  raises  the  possibility  of  the  phlogopite  sequestering  N  during 
growth  (mantle  micas  have  high  N  contents;  Sutton  et  al,  1989)  and  this  may  be  the  reason  for  the 
low  N  characteristics  of  the  3649  host  diamond.  This  being  further  investigated  by  analysis  of  more 
garnets  from  low  N/Type  II  diamonds. 
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Fig.  1.  3649  garnet  data  plus  literature  data  for  P-type  diamonds  (see  refs.). 
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Xenoliths  from  kimberlite  pipes  of  the  Lac  de  Gras  area, 
Slave  Craton,  Canada 


Pearson,  N.J.1,  Griffin,  W.L.1’2,  Doyle,  B.J.3,  O'Reilly,  S.Y.1,  van  Achterbergh,  E.1  and  Kivi,  K.4 
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The  composition,  structure  and  thermal  state  of  the  lithosphere  beneath  the  Lac  de  Gras  area  in  the 
Slave  Craton  have  been  determined  from  a  suite  of  mantle-derived  xenoliths.  The  xenoliths  in  this 
study  come  from  kimberlite  pipes  DO- 18,  DO-27  and  A 154  and  have  been  recovered  after  the 
crushing  stage  during  the  processing  of  the  kimberlite.  They  are  generally  small  fragments  1-2  cm3  in 
volume  that  have  survived  the  jaw  crusher,  whereas  the  larger  xenoliths  (up  to  20  cm  in  diameter) 
seen  in  drill  core  are  extremely  friable  and  have  disaggregated.  This  sampling  bias  limits  the  the 
conclusions  that  can  be  made  on  the  proportions  of  rock  types,  while  the  small  size  makes  it  difficult 
to  obtain  robust  modal  or  bulk  chemical  information. 

Several  lithological  groups  have  been  recognised  in  the  xenolith  sample  population. 

Lherzolites  (ol+opx+cpx+grt±crt):  Grt  lherzolites  show  a  broad  spectrum  of  microstructures 
(granoblastic,  porphyroclastic,  mylonitic)  and  range  in  grain  size  (<lmm  up  to  >lcm).  Fo  contents  in 
olivine  range  from  an  average  of  91.5  in  sheared  lherzolites  to  92.8  in  fine-grained,  cpx-poor 
samples.  The  overall  range  in  garnet  composition  is  XMg  80.1  to  85.1;  CaO  wt  %  4. 5-7. 9;  Cr203  wt 
%  2.4-12.2  (Fig.  1).  Zoning  in  a  number  of  samples  is  characterised  by  increasing  CaO,  0^03  and 
decreasing  XMg  from  core  to  rim.  Other  samples  show  the  reverse  of  this  trend,  although  in  both 
cases,  the  zoning  is  parallel  to  lherzolite  trend  in  a  plot  of  CaO  vs  Cr203.  Cpx  (Cr-diopside)  modal 
abundance  is  low  <5%  and  in  several  samples  with  extremely  low  abundances,  cpx  occurs  only  in 
intimate  association  with  Cr-spinel. 

Harzburgites  (ol+opx+grt±crt):  A  number  of  cpx-free  samples  with  harzburgitic  mineralogy 
occur  in  the  suite  but  the  garnet  compositions  indicate  coexistence  with  cpx  in  all  but  one  xenolith. 
The  lack  of  cpx  in  the  sample  might  reflect  local  modal  variation  or  be  a  consequence  of  the  small 

sample  size.  The  garnets  are  lherzolitic  (G9) 
and  with  0^03  >  6  wt%.  No  xenoliths  from 
DO- 18,  DO-27  or  A 154  with  subcalcic  garnets 
have  yet  been  analysed,  although  such  garnets 
are  abundant  in  concentrate  (Griffin  et  al., 
1998).  However,  Boyd  and  Canil  (1997)  have 
analysed  subcalcic  garnets  in  harzburgite 
xenoliths  from  the  Grizzly  Pipe. 

Dunites  (ol±grt±crt):  Fine-grained 

granoblastic  olivine-rich  xenoliths  may 
represent  modal  variants  of  the  lherzolite  suite. 
In  contrast,  some  samples  are  large  (up  to  2 
cm),  single  olivine  grains,  commonly  strained 
and  with  inclusions  of  other  minerals.  These 
are  similar  to  megacrystalline  dunites  of  the 
Siberian  kimberlites  (Boyd  et  al.,  1997). 

Wehrlites  ( ol+cpx+grt±crt ):  Wehrlite 
xenoliths  are  not  abundant  and  probably 
represent  a  modal  variant  of  the  lherzolite  suite. 
The  garnet  is  Cr-pyrope  (up  to  5  wt%  Cr203) 
and  the  olivine  is  more  Fe-rich  than  in  the 
lherzolites  (Fo  90.5-91.2). 


Fig.  1  CaO  vs  Cr203  wt%  in  garnet 
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Websterites  ( opx+grt±cpx±ol±crt ):  Two  types  of  websterites  are  distinguished  on  the  basis  of 
mineral  compositions.  Websterites  with  Cr-pyrope  garnet  and  chrome  diopside  (low  Xjd)  are 
considered  to  be  modal  variants  of  the  lherzolite  suite.  Garnet  plots  along  the  lherzolite  trend  with 
Cr2C>3  up  to  7%.  Mineral  compositions  in  the  other  type  indicate  more  Fe-rich  bulk  compositions  and 
lower  Cr  contents.  Higher  Xjd  (up  to  20  mol%)  in  some  of  the  clinopyroxenes  suggests  affinities  of 
these  websterites  with  the  eclogite  compositional  spectrum. 

Garnet  Clinopyroxenites  (grt+cpx):  Bimineralic  grt-cpx  assemblages  with  Cr-pyrope  and 
chrome  diopside  represent  a  compositional  variant  in  the  lherzolite  suite  and  are  not  eclogite  s.s.,  but 
are  similar  to  the  griquaites  of  Nixon  (1987). 

Eclogites  (cpx+grt±rut±ky):  Two  main  types  have  been  recognised:  one  is  characterised  by 
CaO  <7wt%  in  garnet  and  Xjd  15-35  in  cpx  and  the  other  by  garnet  with  CaO  9-13  wt  %  and  Na20 
>0.1  wt  %,  and  cpx  with  Xjd  >  50.  Some  samples  of  the  second  type  contain  kyanite  and  the  garnet 
and  omphacite  compositions  are  similar  to  other  kyanite  eclogites  from  southern  Africa  (Pearson  et 
al.,  1995)  and  eastern  Australia  (Pearson  et  al.,  1991).  Both  types  show  varying  degrees  of  the 
breakdown  of  omphacite  to  diopside+plag  along  grain  boundaries  and  compositionally  distinct 
overgrowths  on  garnet.  These  features  are  common  in  crustal  and  mantle-derived  eclogites  and  are 
interpreted  as  the  result  of  decompression  and/or  heating  in  the  presence  of  fluids. 

Granulites  (plag+cpx+grt±opx):  These  mafic  granulites  are  fine-  to  medium-grained  with  well- 
equilibrated  granoblastic  microstructures.  The  ratio  of  modal  opx:cpx:grt  most  likely  reflects  bulk 
compositional  variation  within  the  group,  rather  than  breakdown  of  opx+plag  to  grt+cpx.  The  garnets 
have  similar  Xgr  to  low-Ca  eclogites  but  are  distinguished  by  lower  XMg.  Cpx  has  low  Jd/Ts,  in 
contrast  to  the  omphacite  granulites  present  in  other  lower  crustal  xenolith  suites.  Despite  this  feature, 
there  are  no  exposed  granulites  in  the  Lac  de  Gras  area  similar  to  the  mafic  granulite  xenoliths  and  the 
granulite  xenoliths  are  interpreted  as  being  derived  from  the  lower  crust. 

Geothermobarometry  on  the  peridotite  and  websterite  xenoliths  has  involved  the  evaluation  and 
comparison  of  those  methods  most  commonly  accepted  in  this  type  of  study  .  Although  discrepancies 
occur  between  the  P-T  estimates  for  individual  xenoliths  using  different  combinations  of 
thermometers  and  barometers,  the  overall  features  of  the  distribution  of  points  in  P-T  space  remain 
independent  of  P-T  methods  (Fig.  2).  P-T  estimates  for  low  temperature  xenoliths  (<900°C)  fall  near 
a  35mWnr2  conductive  model  geotherm,  whereas  xenoliths  with  higher  equilibrium  temperatures  lie 
between  this  geotherm  and  a  40mWnr2  geotherm.  The  change  in  gradient  is  a  step,  rather  than  the 
'kink'  that  is  characteristic  of  P-T  arrays  from  other  xenolith  suites  (e.g.,  Lesotho).  The  occurrence 
of  sheared  grt  lherzolite  xenoliths  with  equilibration  temperatures  >1150°C  indicates  obvious 
similarities  with  high-T  sheared  lherzolite  xenoliths  from  the  Kaapvaal  and  Siberian  cratons.  The 
high-T  xenolith  population  is  not  uniformly  composed  of  sheared  lherzolites,  but  also  includes 
undeformed  peridotites  and  websterites.  This  is  also  borne  out  by  the  garnet  concentrate  data  (Griffin 
et  al.,  1998):  one  group  of  high-T  garnets  have  trace  element  signatures  indicative  of  melt-related 
metasomatism,  whereas  many  garnets  from  the  same  T  range  are  unmetasomatised. 

A  minimum  lithosphere  thickness  of  >200  km  is  estimated  using  the  occurrence  of  the  high-T 
unmetasomatised  xenoliths  and  the  extension  of  the  conductive  geotherm  to  ~1200-1250°C.  The 
eclogites  can  be  incorporated  into  the  rock-type  stratigraphy  by  projecting  grt-cpx  temperatures  to  the 
model  geotherms.  Temperature  estimates  range  from  -890  to  1250°C,  thus  placing  the  eclogites  into 
the  deeper  layer.  A  stratification  of  the  2  types  of  eclogite  is  also  apparent  with  a  bimodal  temperature 
distribution:  the  eclogites  with  low  CaO  garnet  give  a  T  range  of  890-1050  °C;  the  high  CaO  garnet 
eclogites  yield  T  >  1 100°C.  The  garnet  websterites  are  also  concentrated  in  the  lower  layer,  but  a  few 
produce  P-T  estimates  that  plot  on  the  35  mWm~2  geotherm  of  the  shallow  layer.  The  high-Cr 
variants  of  this  group  tend  toward  the  high  end  of  the  T  range  (>  1 100°C)  and  come  from  the  deeper 
part  of  the  lower  layer. 

The  step  in  the  xenolith  geotherm  is  also  seen  in  the  Garnet  Geotherm  (Griffin  et  al.,  1998),  although 
a  mechanism  for  this  effect  is  problematic.  One  explanation  is  that  the  step  is  a  transient  feature, 
produced  by  heating  at  the  time  of  kimberlite  volcanism.  Alternatively,  the  offset  of  the  steady-state 
conductive  geotherms  reflects  a  conductivity  difference  between  compositionally  distinct  layers,  with 
a  boundary  at  ~900°C.  This  corresponds  to  a  marked  change  in  mean  compositions  of  the  garnet 
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concentrates  (Griffin  et  al.,  1998)  and  in  the  mean  Fo  contents  of  olivine.  However,  the  difference  in 
the  estimated  bulk  compositions  of  the  2  layers  only  produces  20%  of  the  conductivity  contrast 
required  to  produce  the  step  in  the  geotherm.  All  of  the  peridotite  xenoliths  are  characterised  by  high 
olivine/opx  ratios,  in  contrast  to  most  other  Archean  xenoliths  (Boyd  1987,  Griffin  et  al.,  1998). 
The  results  obtained  in  this  study  are  comparable  to  those  obtained  by  Boyd  and  Canil  (1997)!  and  the 
mantle  beneath  the  Lac  de  Gras  area  is  significantly  different  from  the  lithosphere  of  the  Kaapvaal  and 
Siberian  cratons. 


T  °C  T  °C 


600  800  1000  1200  1400  600  800  1000  1200  1400 


Fig. 2  P-T  plots  for  Lac  de  Gras 
xenoliths  for  selected  geo¬ 
thermometer  and  geobarometer 
combinations. 
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Trace  element  discrimination  of  garnet  from  diamondiferous 
kimberlites  and  lamproites. 
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The  major  element  composition  of  chrome -pyrope  garnets  has  been  used  extensively  to  establish 
criteria  for  target  evaluation  in  diamond  exploration.  Trace  element  data  provide  additional 
information  that  can  be  used  to  quantify  parameters  indicative  of  the  diamond  grade  of  a  kimberlite  or 
lamproitic  host  rock  (Griffin  and  Ryan,  1995).  This  method  originally  was  based  on  the  small  group 
of  elements  obtained  using  the  proton  microprobe.  The  current  study  using  laser  ablation  ICP-MS 
was  undertaken  to  establish  the  characteristics  of  a  larger  group  of  trace  elements  in  garnet 
concentrates  from  diamondiferous  and  barren  kimberlites.  To  define  the  trace  element  features  of 
garnet  most  likely  to  coexist  with  diamond,  a  number  of  syngenetic  garnet  inclusions  in  diamond  were 
also  included  in  the  study. 

In-situ  quantitative  analysis  by  Laser  Ablation  Microprobe  (LAM)  ICP-MS  has  rapidly  developed  into 
one  of  the  most  powerful  analytical  techniques  in  geochemistry,  capable  of  producing  high  precision 
determinations  of  trace  elements  at  sub-ppm  detection  limits.  The  laser  ablation  system  at  Macquarie 
University  was  designed  and  installed  by  Drs  Simon  Jackson  and  Henry  Longerich  of  Memorial 
University,  Newfoundland.  This  system  includes  a  Continuum  Surelite  1-20  Q-switched  Nd-YAG 
laser  with  a  fundamental  wavelength  of  1064  nm  (IR)  and  frequency  doubling  crystals  which  produce 
532  nm  (visible)  and  266  nm  (UV)  wavelengths.  Operation  in  the  UV  wavelength  produces  enhanced 
ablation  yields  for  materials  with  low  abundances  of  transition  elements.  Typical  operating  conditions 
for  the  quantitative  analysis  of  the  garnets  in  this  study  involved  energies  of  0.5  to  2  mJ  per  pulse  at  a 
repetition  rate  of  4  Hz.  Under  these  conditions  the  pit  size  produced  is  between  30  to  60  pm  in 
diameter  and  the  drill  rate  is  approximately  0.5  pm/sec.  Ablation  times  of  up  to  120  secs  were 
achieved  in  0.5  mm.  A  full  description  of  the  LAM  instrumentaion  and  ICP-MS  operating  conditions 
is  given  in  Norman  et  al.  (1996).  A  suite  of  20  to  30  minor  and  trace  elements  was  determined  in 
each  analysis  and  Ca  was  used  as  the  internal  standard  in  the  quantification  procedure.  Detection 
limits  for  all  elements  in  this  study  are  typically  in  the  range  100  ppb  to  1  ppm,  although  actual  values 
for  individual  analyses  will  depend  on  ablation  time,  which  is  largely  a  function  of  grain  size,  and  on 
the  internal  standard  concentration. 

Sub-calcic  and  lherzolitic  Cr-pyropes  in  concentrates  from  several  different  cratons  were  analysed: 
Kaapvaal  craton  (Newlands,  Leicester,  Uintjiesberg,  Liqhobong);  Siberian  craton  (Sytkanskaya); 
Slave  craton  (A- 10).  The  garnet  inclusions  in  diamond  are  also  derived  from  kimberlites  of  equal 
geographical  diversity:  Yakutia;  Venezuela;  Ghana;  Canada.  Our  diamond  inclusion  data  are 
supplemented  by  ion  probe  analyses  of  diamond  inclusion  garnets  from  southern  Africa  and  Siberia 
(Yakutia)  from  Shimizu  and  Richardson  (1987  and  Shimizu  and  Sobolev  (1995).  Shimizu  and 
Sobolev  did  not  report  Sc  data,  so  we  have  assumed  a  value  of  130  ppm,  equal  to  the  average  of  the 
other  diamond  inclusion  peridotite  group  garnets. 

The  relationships  between  elements  such  as  Zr,  Y  and  Ti  were  used  by  Griffin  and  Ryan  (1995)  to 
identify  the  chemical  signatures  of  different  types  of  mantle  processes.  Plots  of  these  elements  in  the 
concentrate  and  diamond  inclusion  garnets  in  this  study  confirm  previous  observations  that  garnet 
inclusions  in  diamonds  have  depleted  trace  element  patterns  (Fig.  1;  Griffin  et  al.,  1992;  Griffin  et  al., 
1993).  The  majority  of  diamond  inclusion  garnets  have  Zr  contents  <20  ppm,  Y  <  8  ppm  and  Ti  from 
10  to  2000  ppm.  A  significant  proportion  of  the  garnets  from  the  more  diamondiferous  pipes 
(Liqhobong,  Newlands;  Sytkanskaya)  fall  within  the  field  defined  by  the  diamond  inclusion  garnets. 
Conversely,  garnets  from  the  barren  kimberlites  (Uintjiesberg)  plot  outside  the  field  of  diamond 
inclusions  on  these  diagrams  (Fig.  2). 
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Fig  1.  Zr  vs  Y  (ppm)  for  diamond  inclusion  garnets. 


Fig  2.  Zr  vs  Y  (ppm)  for  Cr-pyrope  garnet  in 
concentrate  from  kimberlite  pipes.  The  field  defined  by 
peridotitic  garnet  inclusions  in  diamond  is  drawn  from 
Fig.  1. 


Fig.  3  Chondrite  normalised  plot  of 
selected  peridotitic  garnet  inclusions 
in  diamond  from  Yakutia  and  Slave 
D027. 


Fig. 4  Chondrite  normalised  plot  of 
selected  peridotitic  garnet  in 
concentrate  from  Newlands  kimberlite. 
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The  depleted  nature  of  the  diamond  inclusion  garnets  is  apparent  in  chondrite  normalised  plots  (Fig. 
3).  HREE  in  many  of  the  garnets,  including  both  harzburgitic  and  lherzolitic  ones,  are  strongly 
depleted  in  HREE  and  enriched  in  MREE  giving  rise  to  sinuous  REE  patterns,  with  convex  up  LREE 
to  MREE  and  concave  up  MREE  to  HREE.  The  point  of  inflection  is  at  Sm/Eu  in  the  most  depleted 
garnets  and  shifts  to  Gd/Dy  as  the  concentration  of  HREE  increases  in  less  depleted  garnets.  The 
distinctive  REE  pattern  for  the  diamond  inclusion  garnets  is  also  developed  in  some  sub-calcic  garnets 
in  the  concentrates,  particularly  those  with  trace  element  signatures  indicating  ultradepletion. 
Lherzolitic  garnets  have  more  typical  convex-up  patterns,  with  nearly  flat  REE  patterns  from  Dy  to  Lu 
(Fig.  4). 
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Fig  5.  Sc/Y  (N)  vs  Nd/Y  (N))  for  diamond  inclusion 
garnets. 


Fig  6.  Sc/Y  (N)  vs  Nd/Y  (N))  for  Cr-pyrope  garnet  in 
concentrate  from  kimberlite  pipes.  The  field  defined  by 
peridotitic  garnet  inclusions  in  diamond  is  drawn  from 
Fig.  5. 


The  significance  of  the  range  in  the  shapes  of  these  patterns  is  evident  in  the  plots  of  Nd/Y(N)  versus 
Sc/Y  (N)  (Fig.  5  and  Fig.  6).  The  Nd/Y  ratio  clearly  distinguishes  garnets  with  the  sinuous  REE 
pattern  (Nd/Y  »1)  from  those  with  more  typical  LREE  depleted  patterns  (Nd/Y  «1).  Sc  contents  in 
Cr-pyrope  garnet  fall  within  a  very  restricted  range  (100-150  ppm)  and  because  Sc  appears  to  be 
preferentially  accommodated  into  garnet  during  depletion,  Sc/Y  provides  a  measure  of  the  depletion  of 
HREE.  Values  of  Sc/Y  »1  are  indicative  of  the  depleted  compositions,  whereas  Sc/Y  ~1  are 
obtained  from  undepleted  lherzolitic  garnets.  The  quadrant  defined  by  Nd/Y  >1  and  Sc/Y  >1  contains 
all  of  the  diamond  inclusion  garnets  and  a  significant  number  of  garnets  from  the  diamondiferous 
pipes.  This  plot  and  a  plot  of  Zr/Y  (N)  versus  Sc/Y  (N)  (not  shown  here)  provide  examples  of  the 
simple  discrimination  tests  using  the  expanded  trace  element  suite  to  estimate  the  diamond  potential  of 
a  pipe.  Diamondiferous  pipes  such  as  Sytykanskaya,  Liqhobong,  Newlands  and  Slave  have  up  to 
70%  of  the  Cr-pyrope  garnets  plotting  in  the  field  defined  by  the  diamond  inclusions.  In  the  low- 
grade  Leicester  pipe  the  proportion  of  concentrate  diamonds  in  the  diamond  inclusion  field  is  <  50%, 
and  in  the  barren  Uintjiesberg  pipe  the  proportion  is  nil. 
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Silicification  of  Garnet  Peridotite  Xenoliths  from  the  Lahtojoki  Kimberlite  Pipe, 

Eastern  Finland 
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Garnet  peridotite  xenoliths  recoved  from  the  diatreme  facies  of  the  Lahtojoki  kimberlite  pipe 
located  within  the  Eastern  Finland  Kimberlite  Province  (Peltonen  et  al .,  1998)  bear  evidence  of 
metasomatic  alteration  processes  that  has  never  before  been  described  from  upper  mantle  xenoliths: 
all  olivine  and  most  of  the  orthopyroxene  within  the  xenoliths  have  been  replaced  by  normal  a- 
quartz  and  length-slow  fibrous  silica  (i.e.  quartzine),  respectively.  Ultramafic  peridotite  xenoliths 
have  thus  been  transformed  into  metasomatic  quartz-rocks  containing  c.  90  wt.%  SiC>2.  Perfect 
preservation  of  upper  mantle  textures  and  the  original  morphology  of  the  xenoliths  imply  that 
silicification  did  not  accompany  significant  changes  in  volume.  Silicification  was  highly  selective 
and  clinopyroxene  and  garnet  remained  unaffected  by  silicifying  fluids. 

All  olivine  in  all  ultramafic  xenoliths  has  been  replaced  by  colourless  translucent  a-quartz.  Silica 
textures  do  not  allow  to  judge  whether  silica  originally  deposited  as  crystalline  quartz  or  as 
amorphous  silica  which  later  became  inverted  to  crystalline  quartz  by  aging  (Graetsch,  1994).  Most 
of  the  olivine  has  been  replaced  by  elongated,  worm-like,  length-fast  quartz  grains.  Feathery- 
looking  crenulation  textures  in  turn,  together  with  smooth  bending  of  elongated  grains,  are 
reminiscent  of  soft-body  or  ductile  deformation  and  give  an  impression  that  the  silica  originally 
deposited  as  a  highly  viscous  precursor  phase  that  later  inverted  to  crystalline  silica.  Less  common 
silica  textures  include  cavity-like  textures  where  fine  grained  wall-lining  silica  crystallised  along  the 
outer  edge  of  former  olivine  grains  giving  way  to  coarser  (0  <  100  mm)  equigranular  quartz  in  the 
grain  interior.  Such  textures  probably  requires  that  the  olivine  was  dissolved  first  and  that  silica 
subsequently  deposited  into  an  empty  vug.  Transformation  of  orthopyroxene  into  the  optically  clear 
silica  occurs  gradationally  through  petrographically  transitional  stages:  fresh  orthopyroxene  relicts 
are  first  surrounded  by  a  “littered”  dull  alteration  zone,  then  by  an  intermediate  zone  composed  of 
SiC>2-rich  material  with  higher  bierefrigence  than  quartz,  and  finally  by  the  clear  colourless  platy  to 
fibrous  silica.  Tiny  relicts  of  orthopyroxene  survive  silicification  in  some  grain  interiors. 

The  heavy  oxygen  isotopic  composition  of  silica  (mean  of  22.4  %o,  std  of  1.4,  SMOW)  requires  that 
the  silicification  was  a  low-temperature  process.  Because  the  isotopic  composition  of  the  silicifying 
fluid  is  unknown,  only  maximum  temperature  can  be  calculated:  upper  limit  for  the  silicification 
temperature  of  130-160°C  is  obtained  if  the  range  of  the  isotopic  composition  of  silica  is  combined 
with  that  of  pure  magmatic  fluid  and  the  fractionation  factor  of  Kita  et  al.  (1985)  is  applied.  Any 
mixing  of  magmatic  fluid  with  seawater  or  meteoric  water  (isotopically  lighter)  would  result  in 
lower  calculated  temperatures. 

The  whole  rock  compositions  of  silicified  ultramafic  xenoliths  imply  strong  gain  of  silica,  and  loss 
of  Mg,  Fe,  and  Mn  (Table  1).  SiC>2  abundances  have  been  increased  by  approximately  a  factor  of 
two  relative  to  fresh  garnet  peridotites  and  exceed  90  wt.%  in  most  samples  (Table  1).  Magnesium 
is  the  most  leached  element  in  the  silicified  xenoliths:  MgO  abundances  have  dropped  to  2.27-5.66 
wt.%  from  their  original  values  of  close  to  45  wt.%.  Ti,  Al,  Ni,  and  Cr  behaved  as  immobile 
elements. 
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Table  1.  Major  element  abundances  (wt.%)  of  representative  silicified 
garnet  peridotite  xenoliths  from  the  Lahtojoki  kimberlite  pipe  (Finland). 
Composition  of  an  unsilicified  xenolith  (9.2/2)  from  another  pipe  of  the 
Eastern  Finland  Kimberlite  Province  is  shown  for  comparison. 


Sample# 

9.2/2 

13-H 

L-7 

L-13 

L-36 

Si02 

43.64 

93.46 

87.10 

92.97 

93.00 

Ti02 

0.01 

0.04 

0.12 

0.03 

0.02 

A1203 

1.02 

0.58 

0.97 

0.65 

1.03 

Fe203 

8.65 

1.42 

2.43 

1.33 

1.28 

MgO 

44.73 

2.87 

5.66 

2.83 

2.52 

MnO 

0.13 

0.04 

0.08 

0.04 

0.04 

NiO 

0.27 

0.42 

0.32 

0.38 

0.40 

Cr203 

0.34 

0.35 

0.34 

0.37 

0.39 

Na20 

0.12 

0.05 

0.18 

0.05 

0.05 

CaO 

0.93 

0.72 

2.77 

1.26 

1.22 

K20 

0.13 

0.04 

0.02 

0.06 

0.05 

P2O5 

0.02 

0.01 

0.01 

0.03 

0.00 

LOI 

2.38 

0.9 

1.8 

0.7 

1.0 

Because  similar  silicification  of  xenoliths,  as  reported  here,  has  not  been  observed  in  any  other  of 
the  kimberlite  pipes  of  the  same  cluster  (or,  to  my  knowledge,  anywhere  in  the  world),  it  is  unlikely 
that  the  kimberlite  magma  itself  could  be  the  source  for  all  of  the  fluid  but  some  ’’excess”  fluid  is 
required.  Although  the  emplacement  of  the  kimberlite  pipes  at  or  close  to  the  seafloor  would 
provide  sufficient  fluid,  it  is  unlikely  that  that  the  ’’excess”  fluid  was  seawater  because  chlorine 
abundances  of  the  silicified  xenoliths  are  not  elevated.  Instead,  I  speculate  that  the  Lahtojoki  pipe  is 
unique  among  discovered  kimberlites  worldwide  in  that  it  extruded  at  the  base  of  a  moderate-size 
lake.  Following  the  extrusion,  lake  water  penetrated  the  diatreme  zone  and  hydrothermal  circulation 
of  mixed  magmatic  fluid  and  lake  water,  driven  by  the  heat  flux  from  the  cooling  kimberlite 
magma,  leached  silica  from  the  adjacent  Archaean  gneisses  and  redeposited  it  within  the  pipe  and 
enclosed  xenoliths.  Due  to  the  limited  heat  capacity  of  the  small  Lahtojoki  pipe,  however,  intense 
hydrothermal  circulation  must  have  been  relatively  short-lived,  but  probably  the  thermal  gradient  of 
the  whole  kimberlite  province  was  elevated  and  silicification  continued  over  considerable  time  due 
to  pore  fluid  convection  at  lower  temperatures. 
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Introduction 

At  present,  24  kimberlites  and  related  rocks  have  been  located  from  the  Eastern  Finland  Kimberlite 
Province  (Fig.  1)  where  they  occur  as  small  -  only  half  to  four  hectares  in  size  -  pipes  and  irregular 
dykes  forming  two  separate  clusters  (Kuopio  and  Kaavi).  Finnish  kimberlites  emplaced  during  the 
early  Paleozoic  being  archetypal  non-micaceous  kimberlites,  similar  to  those  intruding  Archaean 
cratons  elsewhere  (O'Brien  and  Tyni,  this  volume).  Four  of  these  pipes  (#5,  7,  9,  14),  all  consisting 
of  serpentinised  olivine  ±picroilmenite  -rich  hypabyssal  kimberlite  and  volcaniclastic  diatreme 
facies  rocks,  were  sampled  for  upper  mantle  xenoliths.  The  largest  upper  mantle  xenolith  measures 
13*13*20  cm3  but  most  of  them  are  well-rounded  pebbles  (3-6  cm  in  diameter).  This  xenolith  suite 
consists  mainly  of  garnet-bearing  peridotites  which  can  be  subdivided  into  coarse  garnet-facies 
peridotites,  which  include  harzburgites,  lherzolites  and  wehrlites,  and  into  granuloblastic  garnet- 
spinel  facies  peridotites  which  are  all  harzburgites.  Less  common  mantle  xenoliths  include  garnet- 
olivine  websterites  and  small  bimineralic  eclogites,  some  of  them  diamondiferous.  None  of  the 
samples  are  akin  to  (mosaic-)  porphyroclastic  “sheared”  xenoliths.  This  paper  mainly  discusses  the 
chemical  and  isotopic  composition  of  mantle  xenoliths;  alteration,  oxygen  fugacities  and  thermo- 
barometry  of  the  same  samples  are  described  in  more  detail  elsewhere  in  this  volume  (Peltonen, 
1998;  Woodland  &  Peltonen,  1998;  Kukkonen  &  Peltonen,  1998). 


Approximate  extent  ol  the  >170  km  thick  seismic  lithosphere 


■  -  1  Phanerozoic  cover  deposits 
■V  Subsurface  extent  ot  the  Archean  craton 


©  Kuopio  and  Kaavi  Kimberlite  Clusters  (c.  500  Ma) 

0  Archangelsk  Kimberlite  Clusters  (340-380  Ma) 

©  Terski  Kimberlites  (340-380  Ma) 

•*  Paleozoic  (mostly  Devonian)  alkalme/carbonalilic  intrusion: 


200  km 


Fig.  1.  Generalised  geology  of  the  eastern  part  of  the  Fennoscandian  (formerly  Baltic) 
Shield  showing  the  locations  and  general  geotectonic  setting  of  the  Finnish  kimberlites  (K). 
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Garnet  facies  peridotites 

Garnet  facies  xenoliths  from  the  Finnish  kimberlites  are  derived  from  the  depth  interval  of  170-220 
km.  Their  major  element  compositions  are  broadly  similar  with  low-temperature  garnet  peridotites 
from  Kaapvaal  and  Siberian  cratons.  Low  Ak03  abundances  coupled  with  pronounced  LREE- 
enrichment  suggests  that  peridotites  have  been  depleted  in  their  basaltic  constituents,  but  have  been 
re-enriched  in  LREE  (+  e.g.  Rb,  Th,  K,  Nb,  Ta,  P,  Zr)  subsequent  to  this  depletion.  Chondrite- 
normalised  rare  earth  patterns  of  all  garnets  -  as  determined  by  ion  probe  -  are  strikingly  similar, 
being  almost  flat  from  Yb  to  Eu  and  showing  the  strong  depletion  of  LREE  relative  to  MREE  and 
HREE  that  is  typical  for  mantle  garnets  elsewhere.  Clinopyroxenes  also  yielded  highly  uniform 
REE  profiles  that  are  convex-upward  to  weakly  sinusoidal  and  peak  at  neodymium.  Distribution  of 
REE  between  gt  and  cpx  follows  published  partitioning  coefficients  for  that  mineral  pair  implying 
that  they  are  close  to  chemical  equilibrium.  Whole  rock  abundances  for  REE,  as  calculated  from  ion 
probe  analysis  by  weighting  with  the  modes,  yielded  slightly  upward-convex  but  broadly  chondritic 
patterns  at  levels  of  0.3- 1.3  times  chondrite  (Fig.  2).  These  patterns  based  on  mineral  data  are  distint 
from  LREE-rich  patterns  measured  on  xenolith  whole  rock  powders  by  ICP-MS,  implying  that  most 
of  the  LREE  in  the  xenoliths  is  present  along  grain  boundaries  and  that  within  individual  xenoliths 
garnet  and  clinopyroxene  are  not  in  chemical  equilibrium  with  their  host  xenolith.  Preservation  of 
such  disequilibrium,  together  with  the  absence  of  any  correlation  between  size  of  the  xenoliths  and 
the  intensity  of  metasomatism,  imply  that  mantle  xenoliths  most  probably  have  been  infiltrated  by 
LREE-enriched  melt  or  fluid  -  most  likely  derived  from  the  kimberlite  itself  -  shortly  before  their 
detachment  from  the  lithospheric  mantle. 

Garnet-spinel  facies  peridotites 

Garnet-spinel  facies  peridotite  xenoliths  differ  from  the  garnet  facies  samples  in  several  important 
aspects.  First,  thermobarometry  suggests  that  they  are  of  significantly  shallower  (90-130  km)  origin 
compared  to  garnet  peridotites  (170-220  km).  Second,  they  are  more  depleted  containing 
significantly  less  clinopyroxene  but  have  experienced  slightly  higher  degree  of  metasomatism 
compared  to  garnet  facies  xenoliths.  In  contrast  to  garnet  peridotites  which  are  free  from  hydrous 
phases,  garnet-spinel  facies  peridotites  contain  trace  amounts  of  phlogopite  and  amphibole 
(magnesio  katophorite).  Ion  probe  analyses  imply  that  -  unlike  in  the  case  of  garnet  peridotites  - 
garnets  and  clinopyroxenes  are  not  in  chemical  equilibrium.  Garnets  are  either  extremely  depleted 
in  REE  (all  REE  <  l*chondrite),  or  resemble  metasomatised  garnets  with  sinusoidal  patterns. 
Clinopyroxenes,  which  generally  occur  as  small  interstial  grains,  are  extremely  LREE-enriched  with 
highly  fractionated  REE-pattems,  and  most  likely  represent  a  secondary,  metasomatic  phase. 

Implications 

The  studied  suite  of  xenoliths  provide  insight  into  the  lithospheric  mantle  apparently  stabilised  and 
evolved  in  a  complex  tectonic  setting  because  the  sampled  kimberlites  intrude  the  outemmost  edge 
of  the  “continental”  late  Archaean  (3. 1-2.6  Ga)  craton  adjacent  to  the  “oceanic”  Svecofennian 
(1.9- 1.8  Ga)  mobile  belt  (Fig.  1).  Originally,  this  craton  margin  developed  at  c.  1.95  Ga,  when  the 
prolonged  stretching  and  rifting  of  the  Archaean  SCLM  and  crust  culminated  in  the  formation  of 
new  oceanic  basin  and  passive  continental  margin  (Peltonen  et  al.,  1998).  Later,  this  passive  margin 
was  reworked  and  overthrusted  at  c.  1 .9  Ga  as  a  result  of  the  accretion  of  the  Svecofennian  island 
arc  terrane.  One  of  the  major  implications  of  this  work  is  that  the  lithospheric  mantle  adjacent  to 
such  an  ancient  suture  zone  is  compositionally  stratified  into,  a  shallow,  strongly  depleted  (i.e. 
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harzburgitic)  garnet-spinel  facies  zone  and  into  a  lower,  petrologically  more  diverse  and  more 
fertile,  garnet  facies  mantle.  Whole  rock  REE  abundances,  as  deduced  from  the  SIMS  mineral  data 
and  modes,  are  consistent  with  garnet-spinel  facies  xenoliths  representing  harzburgitic  residues 
metasomatised  shortly  before  or  during  the  eruption  by  kimberlite  derived  melt/fluid  (Fig.  2). 
Garnet  facies  peridotites,  however,  represent  truly  distinct  material.  Their  modal  diversity 
(harzburgite-lherzolite-wehrlite),  together  with  variable  and  low  A1203  abundances  would  suggest 
that  they  represent  peridotites  depleted  in  their  basaltic  constituents  to  varying  degrees.  However, 
such  an  origin  is  inconsistent  with  their  subparallel  REE  patterns  (Fig.  2),  because  partial  melting 
should  produce  preferential  depletion  of  the  LREE.  Two  models  could  explain  such  a  decoupling 
between  incompatible  A1  and  REE.  First,  garnet  peridotites  could  represent  residual  peridotites 
which  had  earlier  been  metasomatised  to  produce  the  observed  relatively  unfractionated  REE 
distribution.  This  would,  however,  require  intense  and  pervasive  metasomatism  by  an  agent  having 
broadly  chondritic  REE.  This  possibility  is  considered  improbable.  A  more  likely  possibility  is  that 
garnet-facies  peridotites  actually  originally  formed  as  ultramafic  cumulates  from  (mafic-)ultramafic 
melts  with  broadly  chondritic  REE  distribution.  This  would  explain  both  the  coexistence  of 
unfractionated  REE  patterns  with  low  and  variable  A1203  abundances  (both  being  controlled  by  the 
amount  of  trapped  melt  in  the  cumulates)  as  well  as  the  modal  diversity  of  garnet  peridotites 
(reflection  of  primary  igneous  layering).  Further,  it  is  probable  that  the  eclogites,  which  have  similar 
REE  patterns  as  the  garnet  peridotites  (but  at  higher  levels),  represent  the  mafic  cumulates  of  the 
same  melts. 


Fig. 2.  Chondrite-normalised  rare  earth  element  pat¬ 
terns  for  representative  garnet  peridotites,  garnet- 
spinel  peridotites  and  a  mantle  eclogite.  These  patterns 
were  obtained  by  weighting  the  REE  abundances  of 
garnets  and  clinopyroxenes,  as  determined  by  SIMS, 
by  the  mineral  modal  abundances  within  each  sample. 


Because  the  model  presented  for  the  formation  of  this  former  passive  continental  margin  requires 
extensive  thinning  of  the  Archaean  SCLM  during  continental  break-up,  and  its  partial  replacement 
by  suboceanic  lithosphere  during  the  early  Proterozoic,  it  is  quite  probable  that  at  the  site  of  the 
kimberlites  the  lithospheric  mantle  is  actually  also  age  stratified.  In  such  a  scenario,  the  shallow 
gamet-spinel  facies  peridotites  could  represent  remnants  of  the  Archaean  SCLM  while  the  garnet 
facies  peridotites  of  deeper  origin  represent  Proterozoic  additions  of  possible  cumulate  origin. 
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De  Beers’  uses  a  four  sensor  magnetic  gradiometer  system  for  mineral  exploration.  Longitudinal, 
transverse  and  vertical  gradients  of  the  Earth’s  magnetic  field  are  computed  from  total  field 
measurements  collected  by  sensors  on  the  tail  and  wings  of  a  survey  aircraft.  A  superresolution 
reconstruction  of  the  Earth’s  total  magnetic  field  is  possible  since  we  measure  the  gradients  of  the 
field  at  slightly  different  spatial  locations. 

Two  total  field  data  sets  may  be  estimated  by  integrating  the  vertical  gradient  and  the  longitudinal 
and  transverse  gradients.  Figure  1  shows  the  total  field  at  Aredor,  Guinea  estimated  from  measured 
vertical  gradient  data.  Figure  2  shows  the  total  field  estimated  from  the  measured  longitudinal  and 
transverse  gradients.  A  superresolution  total  field  image  is  a  weighted  linear  combination  of  these 
two  data  sets. 

The  two  data  sets  are  similar,  but  not  the  same.  There  are  several  reasons  for  this  : 

•  When  an  aircraft  flight  line  in  the  x  or  y  direction  intersects  a  body  with  magnetization  parallel 
to  the  direction  of  the  flight  line,  only  one  of  the  x  and  y  gradients  is  nonzero.  The  x  and  y 
gradients  are  independent  and  may  be  computed  from  the  z  gradient  using  the  Hilbert  transform. 
The  computed  gradients  will  be  the  same  as  the  measured  gradients.  In  the  case  of  a  body  with 
magnetization  at  some  angle  0  to  the  flight  line,  both  x  and  y  gradients  are  nonzero  and  not 
independent.  The  x  and  y  gradients  computed  from  the  z  gradient  will  not  be  the  same.  This 
information  may  be  used  to  estimate  the  direction  of  magnetization  of  sources. 

•  The  gradients  are  measured  with  different  sensors  having  different  noise  characteristics. 

•  The  gradients  are  measured  at  slightly  different  spatial  locations  (wingtips  and  tail). 
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Figure  1  :  Total  magnetic  field  integrated  from  dz 


Figure  2  :  Total  magnetic  field  integrated  from  dx  and  dy 
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The  effect  of  source/flight  line  orientation  can  be  clearly  seen  by  considering  an  anomaly  along  an 
individual  profile  -  the  top  trace  represents  the  measured  vertical  magnetic  gradient;  the  bottom 
trace  depicts  dz  computed  from  dy  and  dx. 


Measured  vs  computed  dz 


fid 


The  angle  of  a  two  dimensional  anomaly  source  relative  to  the  flight  line  direction  is  0  =  arctan(- 
dy/dx).  0  provides  information  about  the  orientation  of  sources. 

The  two  slightly  different  views  of  the  magnetic  field  may  be  combined  into  a  single  data  set  with 
several  benefits  over  any  single  view  : 

increased  spatial  resolution 
reduced  noise 

enhancement  of  sources  with  magnetization  at  an  angle  to  the  flight  lines. 

We  demonstrate  the  capability  of  a  gradient  system  to  produce  total  field  images  with  greater  spatial 
resolution,  less  noise  and  increased  sensitivity  than  single  sensor  systems  on  several  magnetic 
surveys. 
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Sedimentological,  structural  and  morphologic  interpretations  using  satellite  imagery,  aerial 
photographs,  airmag  and  gravimetric  data,  plus  field  observations  provide  evidence  for  an  extensive 
paleodrainage  system  situated  between  the  present-day  Sao  Francisco  and  Piumhi  river  valleys.  The 
possibility  that  such  paleodrainage  system  was  somehow  linked  to  the  present-day  Sao  Francisco  river 
valley  in  the  past  was  explored  by  SOPEMI  because  of  the  presence  of  numerous  diamond  digging 
areas  (which  have  been  mined  over  the  past  60  years)  along  this  part  of  the  Sao  Francisco  river. 

The  present-day  Sao  Francisco  river  valley  is  controlled  by  ancient  systems  of  faults  oriented  east-west 
and  rejuvenated  since  Mesozoic  time.  The  paleodrainage  was  controlled  by  a  combination  of  this  valley 
and  a  NW-SE  trending  group  of  thrust  faults  originated  in  the  Upper  Proterozoic,  during  the  Brasiliano 
Orogenesis,  and  rejuvenated  in  the  Mesozoic  (attached  map).  Following  the  first  order  delineation  of 
the  paleodrainage  system  using  remote  sensing  techniques,  both  drilling  and  geophysical  data  have 
been  used  to  assess  lateral  &  depth  extension  of  the  paleo  river  channels  and  sedimentological 
techniques  were  used  to  assess  their  economic  significance. 

The  proximal  end  of  the  Sao  Francisco  river  (Locality  1)  has  evidence  for  a  high  gradient,  fast  flowing 
river  that  generated  an  angular  grit  composed  of  fragments  from  the  footwall  Canastra  quartzite. 
Beneath  the  Casca  D’Antas  waterfall  (which  marks  today's  head  waters  of  the  Sao  Francisco  river; 
Locality  2),  there  is  evidence  for  a  marked  drop  in  elevation  which  affected  the  boulder  generation 
capacity  of  the  river  system  and  led  to  the  formation  of  a  trap  site  for  diamonds.  An  uplift  during 
rejuvenation  (in  the  Tertiary?)  of  a  WNW-ESE  fault  system  led  to  erosion  of  the  Canastra  foot  wall  and 
generation  of  a  valley  with  a  barren  reach,  with  no  generation  of  alluvial  deposits  up  to  Locality  4 
(Digging  n°  1).  At  Locality  4  deposition  occurred  as  a  result  of  repeated  base  level  reactivations. 
Evidence  for  one  of  such  events  is  preserved  in  the  form  of  a  high  level  fluvial  terrace,  some  26m 
above  the  present  day  drainage.  This  deposit,  which  is  the  highest  terrace  level  in  the  study  area,  has  a 
highly  immature  texture  and  was  generated  mainly  at  the  expense  of  materials  collected  between  the 
waterfall  (Locality  2)  and  Locality  4.  A  second  gravel  unit  is  seen  some  1  lm  below  the  highest  level 
terrace,  along  the  same  profile.  The  internal  fabric  of  such  second  gravel  unit  is  more  ordered  than  the 
one  above.  At  an  even  lower  elevation,  at  the  same  Locality  4,  a  third  gravel  unit  occurs.  This  third 
gravel  unit,  which  is  situated  ca  8m  above  the  present  day  river  level,  is  a  normally  graded  channel 
deposit  which  comprises  of  smaller  framework  clasts  set  in  a  grit  matrix  almost  devoid  of  clay.  Both  of 
the  lower  elevation  deposits  (i.e.  second  and  third  gravel  levels)  are  younger  derivatives  of  the  highest 
level  terrace  and  indicate  at  least  2  phases  of  river  rejuvenation  and  minor  degradation. 

Downstream  from  Locality  4  (Localities  5  -  7),  a  marked  decrease  in  the  overall  framework  clast  and 
diamond  size  is  observed  and  there  is  an  increase  in  channel  gravel  over  bar  gravel.  Reactivation  (uplift 
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and  nick  point  development)  along  the  thrust  faults  at  Localities  9  and  12  caused  the  river  to  cut  down 
sharply,  producing  a  barren  reach,  (between  Localities  8  and  10)  and  inducing  the  capture  of  the  paleo 
Sao  Francisco  river  (which  previously  flowed  to  the  SE  from  Locality  8).  This  event  gave  rise  to  a 
depositional  phase  further  downstream  of  today’s  reach  between  Localities  10  and  1 1.  The  economic 
potential  of  the  sediments  located  between  sample  Localities  10  and  11  is  rather  limited  as  reflected  in 
the  diamond  size  distribution  and  in  the  framework  hosted  within  the  channel  gravel. 

The  original  Sao  Francisco  river  valley  used  to  flow  to  the  SE  after  bypassing  Locality  8.  The  gravel 
deposits  observed  at  Locality  13  are  characterized  exclusively  by  normally  graded  channel  fill 
sequences  with  gravel  bases  fining  upward  to  sand  and  silt.  In  addition,  the  average  stone  size  in  this 
area  is  very  small.  The  economic  diamond  potential  of  this  area  is  thus  considered  to  be  low.  Further 
downstream  (Locality  16),  drilling  results  from  the  paleovalley  prospect  point  out  that  the  channel  type 
deposits  are  still  present  but  are  of  even  smaller  caliber.  The  economic  diamond  potential  of  this  reach 
is  virtually  zero. 

Reactivation  along  the  NW-SE  fault  is  clearly  represented  in  the  gravel  thickness  variation  observed 
along  the  traverses  D,  J,  I  and  E.  The  exposures  at  the  localities  14  and  15  are  particularly  good.  The  fill 
of  the  most  extreme  southeastern  portion  of  the  paleodrainage  (Locality  17)  is  comprised  almost 
exclusively  of  silt,  which  represents  the  final  response  to  downstream  degradation  of  the  former  Sao 
Francisco  river  valley  in  favor  of  its  capture  and  redirection  along  the  east-west  fault  line  valley. 
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40Ar/39Ar  Laser  Probe  Analyses  of  Clinopyroxene  Diamond  Inclusions  from  the 

Orapa  and  Mbuyi-Miya  Mines. 

Phillips,  D.1,  Harris,  J.W.2,  Kiviets,  G.B.1,  Burgess,  R.3  and  Fourie,  L.F.1 

1 .  Anglo  American  Research  Laboratories,  8  Schonland  street,  P.O.  Box  106,  Crown  Mines,  2025,  South  Africa 

2.  Department  of  Geology  and  Applied  Geology,  University  of  Glasgow,  Glasgow,  G12  8QQ,  U.K. 

3.  Department  of  Earth  Sciences,  University  of  Manchester,  Manchester,  Ml  3  9PL,  U.K. 

The  ability  of  the  40Ar/39Ar  laser  probe  system  to  analyse  single  clinopyroxene  diamond  inclusions 
was  first  demonstrated  by  Burgess  et  al.  (1989)  and  Phillips  et  al.  (1989).  Initially,  the  results 
obtained  from  these  analyses  were  interpreted  as  diamond  genesis  ages.  Subsequently,  Burgess  et 
al.  (1992)  reported  more  variable  results  for  eclogitic  inclusions  from  Orapa,  Jwaneng,  Udachnaya 
and  Argyle  diamonds  -  in  many  cases,  the  ages  measured  are  intermediate  between  the  time  of 
kimberlite  eruption  and  inferred  diamond  genesis  events.  As  these  analyses  were  performed  on 
inclusions  partially  encapsulated  by  their  host  diamonds,  Burgess  et  al.  (1992)  suggested  that  the 
intermediate  ages  were  caused  by  partial  loss  of  argon  that  had  diffused  to  the  diamond/inclusion 
interface  during  mantle  residence.  At  the  time  of  kimberlite  emplacement,  the  ambient  temperature 
would  decrease  below  the  closure  temperature  for  argon  diffusion  in  clinopyroxene,  causing 
radiogenic  argon  to  then  accumulate  within  the  inclusion  (Burgess  et  al.,  1992,  1997).  These 
authors  advocate  laser  drilling  to  buried  inclusions  (i.e.  totally  encapsulated  by  diamond),  to  release 
the  pre-eruption  argon  component  at  the  diamond/inclusion  interface,  with  subsequent  melting  of 
the  inclusion  to  degas  post-intrusion  argon.  Burgess  et  al.  (1997)  suggest  that  the  latter  component 
should  yield  the  age  of  host  magma  emplacement,  while  a  combination  will  give  an  estimate  of  the 
diamond  formation  event.  Burgess  et  al.  (1994,  1997)  present  some  evidence  to  support  the  latter 
contention,  while  the  possibility  of  obtaining  kimberlite  eruption  ages  from  clinopyroxene 
inclusions  is  investigated  further  in  the  current  study. 

If  the  model  proposed  by  Burgess  et  al.  (1992,  1997)  is  correct,  then  total  extraction  of 
clinopyroxene  inclusions  from  their  host  diamonds  should  result  in  loss  of  all  pre-eruption  argon. 
Analysis  of  the  extracted  inclusion  should  then  provide  a  reasonable  estimate  for  the  time  of 
kimberlite  intrusion.  To  test  this  hypothesis,  40Ar/39Ar  laser  probe  analyses  were  carried  out  on 
clinopyroxene  inclusions  from  several  Jwaneng,  Orapa  and  Mbuyi-Miya  diamonds.  The  two  former 
kimberlites  are  situated  in  Botswana,  with  the  latter  occurring  in  the  Democratic  Republic  of  Congo 
(Figure  1). 

40Ar/39Ar  laser  probe  experiments  on  two  fragments  of  a  large  peridotitic  clinopyroxene  inclusion 
from  a  Jwaneng  diamond  yielded  reproducible  ages  of  241  ±  4  Ma  and  233  ±  6  Ma.  The  mean 
result  of  239  ±  4  Ma  is  indistinguishable  from  that  of  host  kimberlite  emplacement  -  Kinny  et  al. 
(1989)  reported  Rb-Sr  mica  and  U-Pb  zircon  ages  of  250  ±  17  Ma  and  235  ±  4  Ma,  respectively,  for 
the  DK2  and  DK7  intrusive  in  the  Jwaneng  cluster.  In  contrast,  four  pieces  of  a  peridotitic 
clinopyroxene  inclusion,  from  an  Orapa  mine  diamond,  yielded  apparent  ages  ranging  from  1 05  ±  2 
Ma  to  176  ±  3  Ma.  These  ages  are  distinctly  older  than  the  ca.90Ma  intrusion  age  determined  for  the 
Orapa  kimberlite  by  Davis  (1977).  Laser  step-heating  of  one  fragment  produced  the  old  apparent 
age  of  176  ±  3  Ma  from  the  low  temperature  step  and  a  younger  apparent  age  of  107  ±  1  Ma  from 
the  high  temperature  fusion  increment.  Analyses  of  five  eclogitic  clinopyroxene  inclusions  from 
Mbuyi-Miya  diamonds  also  yielded  anomalous  results,  with  apparent  ages  ranging  from  106  ±  4  Ma 
to  801  ±  11  Ma.  Two  fragments  from  the  same  inclusion  gave  dissimilar  apparent  ages  of  539  ±  9 
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Ma  and  801  ±  11  Ma.  The  inclusion  ages  are  all  significantly  older  than  the  inferred  time  of 
kimberlite  intrusion,  estimated  at  ca.71  Ma  by  Davis  (1977)  and  70  ±  1  Ma  by  Scharer  et  al.  (1997). 

The  most  obvious  explanation  for  the  older  apparent  ages  is  retention  of  some  pre-eruption  argon 
within  the  clinopyroxene  inclusions.  However,  the  age  difference  between  fragments  from  the  same 
inclusion  indicates  that  the  argon  is  heterogeneously  distributed.  Furthermore,  the  step-heating 
results  suggest  that  the  pre-eruption  argon  is  located  in  low  retention  sites  and/or  at  grain/domain 
boundaries.  The  current  results  are,  thus,  incompatible  with  a  simple  model  involving  diffusion  of 
pre-eruption  argon  to  the  diamond/inclusion  interface  during  mantle  residence.  One  possibility  is 
initial  diffusion  of  pre-eruption  argon  to  the  diamond  interface  region,  followed  by  the  diffusion  of 
some  interface  gas  back  into  the  inclusion  in  response  to  increased  argon  partial  pressures  caused  by 
differential  expansion  during  the  eruption  process.  In  cases  where  cracks  develop  around  the 
inclusion,  all  pre-eruption  argon  should  accumulate  at  the  interface  region.  An  alternative 
explanation  requires  partial  break-down  of  the  clinopyroxene  during  transport  to  surface,  causing 
considerable  reduction  in  diffusion  domains  and  resulting  in  partial  recoil  loss  of  39ArK.  It  must  be 
noted,  however,  that  the  experimental  studies  of  Burgess  et  al.  (1992,  1994  and  1997)  recorded 
minimal  levels  of  39ArK  from  initial  step-heating  and  laser  drilling  steps,  which  mitigates  against  the 
latter  model.  Vacuum  encapsulation  experiments  could  be  employed  to  investigate  this  option  more 
thoroughly. 

The  potential  for  determining  kimberlitic  emplacement  ages  from  clinopyroxene  diamond 
inclusions  has  important  implications  for  constraining  the  sources  of  alluvial  diamond  deposits 
around  the  world  (e.g.  Burgess  et  al.,  1998).  However,  the  current  study  demonstrates  that  caution 
must  be  exercised  in  the  interpretation  of  40Ar/39Ar  laser  probe  results  from  extracted  or  partially 
encapsulated  inclusions.  While  some  inclusions  may  well  yield  reliable  host  kimberlite/lamproite 
emplacement  ages,  the  partial  retention  of  pre-eruption  argon  will  often  lead  to  an  over-estimation 
of  the  true  result. 
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Figure  1.  Locality  map  showing  the  locations  of  the  Jwaneng,  Orapa  and  Mbuyi-Miya  kimberlites. 


Figure  2.  Summary  diagram  of  age  results  obtained  for  clinopyroxene  inclusions  from  Jwaneng, 
Orapa  and  Mbuyi-Miya  diamonds.  The  vertical  bars  correspond  to  the  emplacement  ages  of  the 
kimberlites.  The  symbols  refer  to  inclusion  ages. 
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40Ar/39Ar  Dating  of  Kimberlites  and  Related  Rocks:  Problems  and  Solutions 
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The  determination  of  accurate  emplacement  ages  for  kimberlites  and  related  rocks  has  important 
implications  for  understanding  the  processes  involved  in  the  genesis  and  intrusion  of  kimberlitic 
magmas.  As  kimberlitic  intrusive  events  are  recorded  from  Eocene  to  Proterozoic  times,  they  also 
provide  constraints  on  mantle  and  crustal  geochemical  and  geodynamic  models  through  time.  In 
turn,  this  information  is  utilized  in  an  economic  context  to  focus  diamond  exploration  efforts. 

A  number  of  radiometric  dating  techniques  have  been  applied  to  kimberlite  and  related  rock 
geochronology,  with  varying  degrees  of  success  (see  reviews  by  Davis  et  al.,  1996  and  Allsopp  et 
al..  1989).  The  most  popular  methods  are  Rb-Sr  dating  of  phlogopite  and  U-Pb  dating  of  zircon  and 
perovskite.  As  each  of  these  techniques  has  certain  limitations,  it  is  generally  recommended  that, 
where  possible,  more  than  one  method  is  used. 

Despite  the  high  potassium  contents  of  kimberlites  and  related  rocks,  the  K-Ar  and  40Ar/39Ar 
techniques  have  not  been  widely  applied  to  dating  emplacement  events.  This  is  largely  a  result  of 
the  common  presence  of  excess  40 Ar  and/or  the  loss  of  radiogenic  argon  (cf.  Phillips,  1991;  Pearson 
et  al.,  1997).  Allsopp  and  Roddick  (1984),  Smith  et  al.  (1985)  and  Phillips  (1991)  have  suggested 
that  the  most  reliable  40Ar/39Ar  results  are  obtained  from  groundmass  micas.  However,  general 
application  of  the  method  has  not  been  demonstrated.  Furthermore,  matrix  phlogopite  is  rare  in 
some  kimberlites  and  the  separation  of  pure  mineral  separates  for  “conventional”  40Ar/39Ar  analyses 
can  be  an  arduous  task,  particularly  given  the  fine  grain  sizes  involved  (<200pm). 

In  the  current  study,  the  above  problems  are  addressed  through  laser  probe  40Ar/39Ar  analyses  of 
groundmass  phlogopite  from  a  wide  variety  of  kimberlites  and  related  rocks  in  southern  Africa. 
The  improved  spatial  resolution  of  the  laser  probe  allows  for  the  analysis  of  single  groundmass 
phlogopite  grains  with  grain  diameters  as  small  as  50p.m.  For  finer-grained  samples,  or  in  cases 
where  phlogopite  is  rare,  grains  may  be  analysed  in  thin  sections.  The  laser  probe  obviates  the 
necessity  for  bulk  separates  -  in  most  cases,  five  single  phlogopite  grains  are  adequate  for 
determining  accurate  intrusion  ages.  The  analysis  of  single  grains  also  serves  to  identify  inherited, 
xenocrystic,  phenocrystic  and  altered  mica  grains,  which  cause  problems  in  bulk  analyses. 
Individual  phlogopite  grains  are  step-heated  and/or  subjected  to  core-rim  laser  spot  analyses.  The 
reliability  of  the  age  data  can  be  assessed  through  intra-  and  inter-grain  reproducibility  of  results  - 
in  the  current  study,  most  40Ar/39Ar  ages  are  also  compared  to  results  from  other  dating  methods. 

The  localities  of  the  kimberlites  and  related  rocks  selected  for  laser  probe  40Ar/39Ar  dating  are 
shown  in  figure  1.  The  list  includes  the  ca.500  Ma  Venetia,  The  Oaks  and  Colossus  kimberlites, 
which  are  intruded  into  the  Limpopo  Belt  and  Zimbabwe  craton,  respectively.  The  remaining 
localities  comprise  Cretaceous/Jurassic  intrusives  in  South  Africa,  namely,  Lace,  Voorspoed, 
Besterskraal,  Stieniesrus  (Rex  mine),  24/K42  (Finsch  cluster),  Pniel  (Aaron’s  Prospect),  Postmas-02 
and  Vleiplaas  (24/PK37).  The  ca.500  Ma  kimberlites  are  all  of  Group  I  affinity.  The  Vleiplaas 
occurrence  has  been  classified  as  transitional  between  a  minette  and  a  diopside-phlogopite 
lamproite  (Tainton,  1992).  The  remaining  localities  are  classed  as  Group  II  kimberlites. 
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Analytical  results  are  summarised  in  table  1 .  It  is  readily  apparent  that,  where  comparisons  can  be 
made,  the  40Ar/39Ar  laser  probe  results  are  indistinguishable  from  ages  obtained  using  other 
techniques.  For  example,  analyses  of  samples  from  The  Oaks  kimberlite  yielded  a  Rb-Sr  age  of  493 
±  8  Ma,  a  U-Pb  perovskite  age  of  509  ±  1 1  Ma  and  an  40Ar/39Ar  result  of  501  ±  5  Ma.  Where  other 
radiometric  data  are  not  available,  the  40Ar/39Ar  ages  are  generally  consistent  with  results  from 
adjacent  localities.  As  an  example,  kimberlite  24/K42,  in  the  Finsch  cluster,  produced  an  40Ar/39Ar 
age  of  1 19  ±  2  Ma  -  this  result  is  indistinguishable  from  a  Rb-Sr  age  of  1 19  ±  3  Ma,  reported  for  the 
Finsch  kimberlite  by  Smith  et  al.  (1985). 

The  current  investigation  demonstrates  that  the  40Ar/39Ar  laser  probe  technique  of  analysing  single 
groundmass  phlogopite  grains  offers  a  reliable  method  for  accurately  dating  kimberlite  and  related 
rock  intrusion  events.  The  main  advantages  of  the  method  are  simple  sample  preparation,  rapid 
analyses,  good  precision,  avoidance  of  altered,  inherited  and  xenocrystic  grains  and  internal 
measures  of  age  reliability.  Disadvantages  of  the  technique  include  a  restriction  to  hypabyssal 
facies  kimberlitic  material,  the  rareity  of  groundmass  phlogopite  in  some  kimberlites  and  a  greater 
susceptibility  to  alteration,  due  to  the  fine  grain  size.  It  must  be  noted,  however,  that  Rb-Sr  mica 
and  U-Pb  perovskite  analyses  are  also  generally  limited  to  hypabyssal  facies  rocks  (cf.  Smith  et  al., 
1985).  While  the  40Ar/39Ar  laser  probe  technique  provides  an  internal  measure  of  age  reliability,  it 
is  still  considered  complimentary  to  other  isotopic  techniques  and,  where  possible,  should  be  used 
in  conjunction  with  these  methods. 

References 

Allsopp,  H.L.  and  Roddick,  J.C.,  1985,  Rb-Sr  and  40Ar-39Ar  age  determinations  on  phlogopite 
micas  from  the  pre-Lebombo  Group  Dokolwayo  kimberlite  pipe:  Spec.  Publ.  Geol.  Soc.  South 
Africa,  13,  p.  267-271. 

Allsopp,  H.L.,  Bristow,  J.W.,  Smith,  C.B.,  Brown,  R.,  Gleadow,  A.J.W.,  Kramers,  J.D.  and  Garvie, 
O.G..  1989,  A  summary  of  radiometric  dating  methods  applicable  to  kimberlites  and  related  rocks: 
Geol.  Soc.  Australia  Spec.  Publ.  No.  14,  p.  343-357. 

Allsopp,  H.L.,  Smith,  C.B.,  Seggie,  A.G.,  Skinner,  E.M.W.  and  Colgan,  E.A.,  1985a,  The 
emplacement  age  and  geochemical  character  of  the  Venetia  kimberlite  bodies,  Limpopo  Belt, 
northern  Transvaal:  South.  African  Jour.  Geol.,  98(3),  p.  239-244. 

Allsopp,  H.L.,  Bristow,  J.W.  and  Skinner,  E.M.W. ,  1985b,  The  Rb-Sr  geochronology  of  the 
Colossus  kimberlite  pipe,  Zimbabwe:  Trans.  Geol.  Soc.  South  Africa,  88,  p.  245-248. 

Davis,  W.J..  Parrish,  R.R.,  Roddick,  J.C.  and  Heaman,  L.M.,  1996,  Isotopic  age  determinations  of 
kimberlites  and  related  rocks:  Methods  and  applications:  Geol.  Surv.  Canada,  Open  File  3228,  p. 
39-42. 

Pearson,  D.G.,  Kelley,  S.P.,  Pokhilenko,  N.P.  and  Boyd,  F.R.,  1997,  Laser  40Ar/39Ar  dating  of 
phlogopites  from  southern  African  and  Siberian  kimberlites  and  their  xenoliths:  constraints  on 
eruption  ages,  melt  degassing  and  mantle  volatile  compositions:  Russian  Geol.  Geophys.,  38(1),  p. 
106-117. 

Phillips,  D.,  1991,  Argon  isotopic  and  halogen  chemistry  of  phlogopite  from  South  African 
kimberlites:  a  combined  step-heating,  laser  probe,  electron  microprobe  and  TEM  study:  Chem 
Geology,  87,  p.  71-98. 

Smith,  C.B.,  Allsopp,  H.L.,  Kramers,  J.D.,  Hutchinson,  G.  and  Roddick,  J.C.,  1985,  Emplacement 
ages  of  Jurassic-Cretaceous  South  African  kimberlites  by  the  Rb-Sr  method  on  phlogopite  and 
whole-rock  samples:  Trans.  Geol.  Soc.  South  Africa  ,  88,  p.  249-266. 

Tainton,  K.M.,  1992,  The  petrogenesis  of  group-2  kimberlites  and  lamproites  from  the  northern 
Cape  Province,  South  Africa:  unpub.  Ph.D.  thesis,  Cambridge  Univ.,  263p. 


691 


Figure  1.  Locality  map. 


Table  1 .  Summary  of  age  information  for  selected  kimberlites  and  related  rocks. 


LOCALITY 

Rb-Sr 

U-Pb 

40Ar/39Ar 

References 

Venetia 

510  ±  16  Ma* 

517  ±  6  Ma 

*Allsopp  et  al.,  1985a 

The  Oaks 

493  ±  8  Ma 

509  ±  1 1  Ma 

501  ±  5  Ma 

Colossus 

502  ±  47  Ma* 

528  ±  6  Ma 

*Allsopp  et  al.,  1985b 

Lace 

133  ±  3  Ma 

Voorspoed 

132  ±  2  Ma 

Besterskraal 

135  ±  3  Ma 

Stieniesrus 

135  ±  6  Ma 

130  -  140  Ma 

24/K42 

(1 19  ±  2  Ma)* 

1 19  ±  2  Ma 

*  Smith  et  al.,  1985 

Pniel 

119±  1  Ma 

Postmas-02 

122  ±  2  Ma 

120  ±  2  Ma 

Vleiplaas 

120  ±  2  Ma 

1 1 8  ±  2  Ma 
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Preliminary  investigations  of  megacrysts  and  peridotite  xenoliths  from  the 
Kelsey  Lake  kimberlite,  Colorado-Wyoming,  USA. 
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The  Kelsey  Lake  kimberlite  cluster,  situated  on  the  Colorado-Wyoming  border  is  within  the 
State  Line  Kimberlite  District  (  Coopersmith,  1991).  Virtually  all  of  the  kimberlites  in  the  district  are 
diamondiferous,  although  only  Kelsey  Lake  is  economic.  It  is  presently  the  only  operational  diamond 
mine  in  the  United  States. 

The  irregular  shaped  pipes  and  fissures  of  Kelsey  Lake  are  hosted  by  Proterozoic  granite, 
which  dominates  much  of  the  Front  and  Laramie  Ranges  (McCallum  et  al.,  1975).  The  Kelsey  Lake 
cluster  contains  two  large  pipes,  KL-1  and  KL-2.  Most  of  the  material  in  this  study  is  from  the 
multiphase  diatreme  facies  complex  of  KL-2.  This  pipe  consists  of  varying  types  of  highly  altered 
tuffisitic  kimberlite  breccia. 

Mantle  xenoliths  are  abundant  and  include  eclogites,  lherzolites  and  harzburgites.  Cr-poor 
megacrysts  (garnet,  clinopyroxene  and  ilmenite)  are  also  common.  All  eclogites  analyzed  to  date 
(Hozjan,  1996)  correspond  to  Group  II  (after  McCandless  and  Gurney,  1989).  Peridotite  xenoliths 
include  garnet-  and  /or  spinel-bearing  lherzolites  and  harzburgites  up  to  30  cm  in  diameter.  Extensive 
alteration  has  replaced  the  olivine  and  orthopyroxene  by  serpentine  and  calcite.  The  peridotites  are 
rounded  to  oval  in  shape  and  light  green  to  white  in  color.  These  xenoliths  are  not  as  silicified  as 
those  in  the  nearby  Schaffer  kimberlite.  The  only  primary  minerals  remaining  in  the  xenoliths  are 
red-purple  garnets,  bright  green  clinopyroxene  and  black  chromites. 

Garnets  in  both  lherzolites  and  harzburgites  are  mostly  lherzolitic  (G9,  Gurney,  1984)  with 
Cr203  values  up  to  14.5  wt%  (Fig.  1.).  One  high  Ca  wehrlite  garnet  has  been  identified  with  4.3  wt% 
Cr203  and  8.2  wt%  CaO.  Two  diamondiferous  garnet  xenocrysts  have  been  analyzed.  They  are  G10 
garnets  with  7.8  wt%  Cr203 , 5.0  wt%  CaO  and  10.8  wt%  Cr203,  5.0  wt%  CaO  (Fig.  L). 

The  garnet  megacrysts  have  a  wide  range  of  Cr202  (0. 1-6.5  wt%)  and  molar  100Mg/(Mg  +  Fe) 
(mg#)  values  (68.0-83.0).  The  higher  Cr203  values  relate  to  dark  purple-black  colored  garnets.  The 
megacryst  garnets  all  belong  to  the  Cr-poor  suite,  including  the  high  Cr202-high  mg#  examples.  They 
are  compositionally  distinct  from  the  Cr-rich  suite  in  other  State  Line  kimberlites  analyzed  by  Eggler 
et  al.  (1979).  Garnets  of  the  Cr-rich  megacryst  suite  of  Eggler  et  al.  (1979)  corresponds  to  pyropes  in 
the  peridotites  of  the  State  Line  kimberlites  (Eggler  et  al.,  1979)  and  pyropes  in  the  peridotites  at 
Kelsey  Lake  (Cr203-  3.5-14.7  wt%:  mg#  81-86).  The  diamondiferous  Cr-pyropes  also  fall  within  this 
compositional  range. 

Cr-poor  megacryst  diopsides  range  from  Cr203-0.0  wt%,  mg#-85.0  to  Cr2O3-1.0  wt%,  mg#- 
90.0.  Pyroxene  thermobarometry  suggests  equilibration  in  the  range  816°  to  1318°C,  similar  to  Cr- 
poor  clinopyroxene  megacrysts  studied  by  Eggler  et  al.  (1979).  The  peridotite  clinopyroxenes  (1.2 
wt%  Cr203 , 90.0  mg#  to  3.0  wt%  Cr203,  93.0  mg#)  are  similar  to  the  Kelsey  Lake  megacrysts  and 
peridotite  clinopyroxenes  from  other  State  Line  kimberlites  (Eggler  et  al.,  1979). 

The  Kelsey  Lake  peridotite  xenoliths  are  classified  as  infertile  based  on  molar  ratio 
Cr/(Cr+Al)  and  Mg/(Mg+Fe)  of  the  Cr-pyropes  and  Cr-diopsides  (Eggler  et  al.,  1987).  Eggler  et  al. 
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(1987)  determined  that  infertile  peridotites  extended  to  depths  of  200  km,  although,  pressure 
estimates  are  not  possible  at  Kelsey  Lake  due  to  the  alteration  of  orthopyroxenes.  Eggler  et  al.  (1987) 
interpreted  the  infertile  peridotites  as  residua  from  a  Precambrian  melting  event  involving  the  entire 
lithosphere,  that  were  subsequently  metasomatically  enriched  at  shallower  depths. 

A  peridotite  source  for  Kelsey  Lake  diamonds  is  supported  by  the  presence  of  diamondiferous 
low-Ca  Cr-pyropes,  a  Cr-pyrope  included  within  one  diamond  and  the  presence  of  low-Ca  Cr-pyropes 
and  high  Cr-chromites  in  the  xenocryst  population. 


Fig.  1.  Kelsey  Lake  garnet  compositions.  Diamondiferous  pyrope  xenocrysts-asterisks;  Cr-poor 
megacrysts-filled  circles;  Cr-pyropes  in  lherzolites  and  harzburgites-open  circles.  G9  and  G10  fields 
after  Gurney,  1984. 
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Sufficiently  extended  in  time  period  of  ancient  platforms’  diamondiferous  provinces’ 
formation  may  be  divided,  analyzing  available  actual  material,  into  three  main  stages: 

-  cratonization  of  lithosphere  blocks  with  crystallization  of  diamonds  in  partially 
exhausted  mantle  and  granulite-eclogite  crust  in  AR-PRj  time  (formation  of 
protoplatforms); 

-  release  of  diamondiferous  mantle  material  by  deep-seated  saturated  with  fluids  magmas 
onto  upper  levels  of  the  crust  in  various  epochs  of  tectono-magmatic  platforms’ 
activization  and  formation  of  kimberlite-lamprophyric  rocks  with  inherited 
diamondiferousness; 

-  weathering,  denudation  of  mantle  and  crust  primary  sources  at  various  stages  of  cover’s 
evolution,  formation  of  terrigenous  diamondiferous  formations. 

When  discussing  the  questions  of  diamond  crystallization  conditions  in  the  process  of 
Archean-Proterozoic  lithosphere  cratonization  one  should  take  into  consideration  the 
known  fact  that  Prephanerozoic  stage  in  the  development  of  the  Earth  was  characterized 
by  special  regime,  which  did  not  repeat  itself  in  subsequent  epochs.  Its  specific  nature  lay 
in  high  energetic  potential  of  the  earlier  Earth  and,  consequently,  regional 
metamorphism  of  diamond-pyrope,  eclogite,  granulite  facies  took  place  on  relatively 
small  depths  (Salop,  1982;  Milanovsky,  Mal’kov,  1983;  Rezanov,  1988).  The  decline  of 
pressure  gradient  in  the  process  of  the  Earth’s  evolution  is  fixed  by  occurrences  of 
retrograde  metamorphism  observed  in  mantle  inclusions  (nodules)  and  lower  crust 
xenoliths  from  kimberlites;  initial  specific  features  of  mineral  paragenesis  preserved  only 
inside  diamond  crystals. 

Generation  and  separation  of  melts  in  the  plots  of  diamondiferous  lithosphere  and  their 
fast  transfer  into  the  crust  space  with  fast  cooling  off  and  consolidation  is  the  condition  of 
formation  of  magmatogene  type  diamondiferous  rocks  in  the  Earth’s  crust.  The  delivery 
of  “mantle”  diamonds  into  upper  parts  of  the  crust  was  performed  by  the  most  deep- 
seated  magmas  of  lamprophyric  or  alkaline-basaltoid  type  able  in  turbulent  regime  to 
carry  mantle  xenoliths,  including  diamondiferous  ones,  onto  the  surface  and  to  form 
peculiar  hybrid  rocks  with  inherited  diamondiferousness.  Consequently  the  “draft” 
criteria  of  potential  diamondiferousness  of  rocks  are:  a)  indications  of  large  depths  of 
melts’  generation  (mineralogical,  isotope-geochemical)  and  b)  indications  of  their  fast 
intrusion  and  cooling  off  (petrographical,  structure-textural  and  others). 
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Fragments  of  mantle  rocks,  including  diamondiferous  ones,  present  in  kimberlites  and 
lamproites  in  the  form  of  xenoliths,  the  depth  of  formation  of  which  by  composition  of 
co-existing  minerals  is  assessed  at  present  in  150-350  km  and  more,  were  captured  by 
melts  and  transfered  to  the  surface,  probably,  from  much  smaller  depths.  The  maximum 
level  of  carture  of  xenoliths  corresponded,  evidently,  to  the  level  of  melts’  separation  (80- 
100  km).  Occurrence  on  moderate  depths  of  mantle  rocks,  having  been  formed  at  very 
high  PT  parameters,  may  be  explained  by  much  higher  gradients  in  the  moment  of  their 
formation,  by  a  definite  value  of  the  section  of  ancient  crust  in  Precambrian  time,  as  well 
as  by  tectonic  and  convective  transfer  of  blocks  of  mantle  substrate  of  reduced  density 
onto  higher  levels  of  lithosphere. 

The  character  of  magmatism,  material  composition  and  diamondiferousness  of  deep- 
seated  subalkalic  rocks  are  determined  by  their  position  in  relation  to  these  or  those 
structures  of  lithosphere,  and  allocation  of  terrigenous  formations  -  by  the  location  of 
primary  sources  in  relation  to  the  basement  structures  and  the  platform’s  cover. 
Diamondiferous  magmatism  in  all  the  regions  is  associated  with  the  dynamics  of  outlying 
areas  of  the  largest  platform  depressions  and  is  closely  connected  with  basaltoid 
occurrences.  Heated  up  asthenolenses,  developing  in  root  zones  adjoining  the  cratons  of 
intra-platform  or  pericraton  volcanogenic-sedimentary  basins  could  be  the  source  of 
energy  which  caused  tectono-magmatic  activization  of  stable  structures. 

In  the  process  of  formation  and  evolution  of  platform’s  cover,  due  to  weathering  and 
denudation  of  mantle  and  crust  diamondiferous  sources,  diamond  placers  of  two  main 
landscape-dynamic  types  were  formed  -  peneplain  placers  (of  denudation  and 
denudation-accumulative  plains)  and  placers  of  sags  (close  to  edge  parts  of  saggings  and 
syneclises).  Each  age  and  genetic  type  of  a  placer  occupies  a  definite  position  in  platform 
structures  with  the  forming  of  which  specific  epoch  of  placer  formation  is  associated.  In 
the  vertical  section  of  the  platforms’  cover  placer  deposits  coincide  with  the  initial  stages 
of  cycles  of  sediments’  accumulation. 

The  appearance  of  diamonds  from  terrigenous  sedimentations  is  determined  by 
conditions  of  their  crystallization  (initial  typomorphic  signs)  and  by  the  character  of 
subsequent  hypergene  (chemical  and  physical)  transformations  (secondary  typomorphic 
signs).  “Crust”  diamonds,  crystallized  under  reduced  and  less  stable  P-T  parameters 
sufficiently  differ  from  “mantle”  ones  by  habit  (mechanism  of  growth  by  cube,  aggregates, 
splices,  cyclical  twins),  by  character  of  mineral  inclusions  (pyrope-almandine-grossular 
garnet,  omphacite,  disthene,  coesite),  by  isotopy  of  carbon  (a13C  in  the  interval  from  -10 
to  -23%),  by  genetic  indicator  minerals  (complex  of  metamorphic  minerals).  Owing  to 
intensive  metamorphogenic  and  hypergenic  influence  they  carry  the  most  obvious  signs 
of  alterations  -  fritting,  graphitization,  shaping  of  oval  (mechanical  processing)  crystals. 

In  the  process  of  platforms’  evolution  the  following  hierarchical  row  of  ore-placer 
diamondiferous  targets  is  formed:  province  (subprovince)  -  zone  (area)  -  region  (field)  - 
primary  deposit  (placer).  Province  (subprovince)  -  is  the  frontier  of  ancient  cratons’ 
distribution  with  the  system  of  lineaments  (belts),  with  “cold”  depleted  mantle 
underlayer,  within  which  there  existed  thermodynamic  conditions  for  crystallization  of 
diamonds  and  their  long  preservation  in  metastable  conditions.  Diamondiferous  regions 
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(fields),  gravitating  toward  the  systems  of  transcraton  fractures  of  mantle  blocking  up 
(zones),  may  be  determined  as  local  blocks  of  cratons  having  suffered  tectonomagmatic 
activization  in  the  sites  of  increased  penetrability  of  the  Earth’s  crust  under  the  effect  of 
deep-seated  mantle  fluid  flows  (plumes).  Allocation  of  diamondiferous  rocks’  denudation 
products  monitors  positive  and  negative  platform  structures  of  this  or  that  type  and  rank. 
Thus,  diamondiferous  objects  of  different  rank  are  different  in  age.  Cropping  up  of 
provinces  and  subprovinces  was  predetermined  at  the  earliest  stage  of  protoplatforms’ 
formation,  and  zones  -  at  much  later  aulacogenic  (riftogenic)  stage  of  their  evolution. 
Formation  of  diamondiferous  regions  and  fields  was  performed  at  the  platform  stage  in 
various  epochs  of  tectonomagmatic  activization. 

Basing  on  the  above  stated  a  number  of  diamondiferous  formations  and  potentially 
diamondiferous  deep-seated  volcanites  of  stable  areas  is  earmarked  for  forecast¬ 
prospecting  purposes.  Taking  into  account  available  data  on  diamond  occurrences  in 
various  types  of  rocks  (F.  Kaminsky)  and  in  works  of  Y.  Kuznetsov,  N.  Kheraskov,  et  al., 
the  following  below  groups  of  formations  will  be  included  into  that  number. 

The  group  of  alkaline-ultrabasic  formations:  1)  of  kimberlites;  2)  olivine  lamproites;  3) 
central  intrusions  of  alkaline-ultrabasic  rocks  (?). 

The  group  of  alkaline-basaltoid  formations:  1)  of  leucitic  and  sanidine  lamproites  and 
lamprophyres;  2)  autonomous  explosion’  pipes  of  alkaline  basaltoids  and  picrites. 
Methodology  of  forecast  and  the  method  of  prospecting  of  primary  magmatogene 
sources  of  diamonds  should  take  into  account  material  (especially  mineralogical), 
physical,  structure-textural  and  other  features  of  the  broad  spectrum  of  rocks  and  various 
geodynamic  situations  of  their  occurrence.  Forecast  evaluation  of  separate  large  parts  of 
platforms  at  the  regional  stage  is  recommended  to  be  performed  according  to  the 
following  basic  directions:  a)  establishment  of  the  type,  structure-tectonical  and 
geodynamic  features  of  the  lithosphere  with  the  help  of  a  complex  of  geologic- 
geophysical  (including  remote)  methods;  b)  determinatiuon  in  terrigenous  formations  of 
correlation  of  “mantle”  and  “crust”  diamonds  according  to  a  set  of  typomorphic 
indications  -  sharp  predominance  of  the  latter  makes  prospecting  of  magmatogene 
primary  sources  imperspective. 
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Since  the  discovery  of  the  first  kimberlite  pipe  CL-25  within  a  new  kimberlite  field  situated  east  of 
Camsell  Lake  in  1994  (Pokhilenko  et  al.,  1995,  1997),  Winspear  Resources  Ltd.  has  recognized  a 
number  of  new  bodies:  the  CL- 174  Pipe  few  hundreds  of  meters  apart  from  the  CL-25  Pipe,  a 
system  of  dikes,  and  a  blind  body  filled  with  a  breccia  of  complex  composition  near  Snap  Lake  about 
20  km  west  of  the  CL-25  and  CL- 174  pipes. 

Petrographic  and  petrochemical  characteristics  of  the  CL-25  and  CL- 174  kimberlites  are  very  close; 
the  distribution  patterns  of  compositions  of  garnets,  magnesian  ilmenites,  and  Cr-spinellide  from  both 
pipes  are  also  quite  identical.  All  the  characteristics  of  kimberlites  and  their  mantle-derived  minerals 
reported  for  the  CL-25  Pipe  (Pokhilenko  et  al.,  1995,  1997)  may  be  valid  for  the  CL- 174  Pipe  as 
well.  It  is  made  up  of  typical  kimberlite  breccia  with  a  high  content  of  xenogenous  material 
represented  chiefly  by  the  host  granitoids  and  metamorphic  rocks.  Petrochemical  and  petrographical 
characteristics  of  the  kimberlites  from  the  CL- 174  Pipe  also  permit  them  to  be  classified  as  group  I 
(Skinner,  Clement,  1979).  Like  the  CL-25  Pipe,  this  pipe  is  poor  in  diamonds. 

The  kimberlite  rocks  found  in  a  system  of  dikes  and  in  boulder  trains  near  Snap  Lake  drastically 
differ  from  the  kimberlites  from  the  CL-25  and  CL- 174  pipes  in  petrography,  petrochemistry, 
mineralogy,  and  in  being  incomparably  richer  in  diamonds.  The  kimberlites  from  the  Snap  Lake 
region  are  established  in  a  series  of  dikes  up  to  4  m  thick,  drilled  on  the  western  shore  of  the  lake,  in 
its  southern  part.  Also,  they  are  found  in  a  blind  body,  resembling  a  thick  (about  100  m)  sill,  drilled 
at  a  depth  of  100  m;  this  body  is  made  up  of  compositionally  complex  breccia  with  an  upward 
variable  amount  of  kimberlite  material,  reaching  the  maximum  in  the  lower  part  of  the  body.  A  great 
deal  of  kimberlite  fragments  (hundreds  of  kilograms)  have  been  established  in  a  boulder  train, 
extended  from  Snap  Lake  through  a  peninsula  in  the  southern  part  of  the  lake. 

The  dikes  of  the  western  shore  are  made  up  of  kimberlite  rocks  with  the  massive  texture  of  the 
groundmass  and  virtually  contain  no  host  rock  xenoliths;  the  mantle  rock  xenoliths  are  very  rare  and 
are  represented  chiefly  by  serpentinized  granular  peridotites.  Grains  of  pyropes,  mainly  of  purple 
color  and  up  to  3  mm  in  size,  are  very  scarce.  Grains  of  octahedral  chromites  up  to  1.5  mm  in  size 
are  also  rare.  Ilmenites  in  the  rock  are  not  found  at  all.  It  was  established  that  the  crushed  and 
panned  specimen,  composed  of  several  ten  small  fragments  of  1 . 1  kg  in  total  weight,  contained  1 1 
grains  of  pyrope,  16  grains  of  chromite,  and  4  grains  of  diamond,  the  largest  of  which  was  about  2 
mm  in  size.  In  composition  these  rocks  belong  to  the  most  magnesian  varieties  of  kimberlites  and 
have  analogs  among  the  Siberian  diamond-rich  kimberlites:  31.6  -  32.4  wt.%  Si02,  0.73  -  0.83  wt.% 
Ti02,  3.18  -  3.93  wt.%  A1203,  8.61  -  9.38  wt.%  Fe203,  0.18  -  0.23  wt.%  MnO,  32.5  -  33.7  wt.% 
MgO,  1.64  -  5.39  wt.%  CaO,  0.01  -  0.15  wt.%  Na20,  0.36  -  0.58  wt.%  K20,  0.50  -  0.82  wt.% 
P205;  LOI=  13.2-  15.9  wt.%. 

The  pyropes  from  kimberlites  have  an  unusually  wide  range  of  variations  in  Cr203  contents,  up  to 
17  wt.%,  and  this  distinguishes  them  from  the  pyropes  from  the  South- African  and  Siberian  pipes, 
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where,  in  commensurate  samples  (200-250  grains),  the  maximum  contents  of  Cr203  do  not  exceed 
10-11  wt.%  and  11-12  wt.%,  respectively.  A  very  interesting  feature  of  the  pyropes,  very  rich  in 
Cr203  (>12  wt.%)  is  an  REE  distribution  pattern,  not  typical  of  standard  pyropes  of  lherzolite 
paragenesis,  similar  to  the  S-type  REE  signature  for  the  diamond-coexistent  subcalcium  pyropes  of 
harzburgite-dunite  paragenesis  (Shimizu,  Richardson,  1987;  Pokhilenko  et  al.,  1993),  whose  content 
in  the  sample  investigated  is  comparatively  low  (~6%). 

The  Cr-spinellide  from  the  kimberlites  of  the  western  region  of  Snap  Lake  have  a  high  proportion  of 
Cr-rich  (>60  wt.%)  compositions  -  about  30%,  more  than  17%  of  them  having  characteristics  of 
diamond-coexisting  chromites  (Sobolev  et  al.,  1975).  The  kimberlite  fragments  from  the  southern 
boulder  trace  in  the  region  around  Snap  Lake  drastically  differ  from  the  above-described  rocks  in  the 
western  part  in  having  a  considerable  amount  of  xenogenous  material  represented  by  fragments  of 
the  host  and  mantle-derived  rocks.  Their  chemical  composition  is  more  diverse,  with  its  primary 
characteristics  being  displaced,  for  most  specimens,  by  secondary  quartzing  processes.  The  freshest 
specimens  show  wider  ranges  of  variations  in  CaO  contents  -  up  to  9  wt.%;  an  elevated  amount  of 
xenogenous  material  is  reflected  in  elevated  contents  of  Si02  (up  to  39  wt.%)  and  A1203  (up  to 
6  wt.%).  Up  to  three  rock  varieties,  including  the  dike  type,  may  be  recognized  according  to 
petrographic  features  in  the  kimberlites  from  the  southern  boulder  train.  At  the  same  time,  there  are 
fragments  with  kimberlite-in-kimberlite  inclusions,  typical  of  the  rocks  from  pipe-like  bodies. 

The  kimberlites  from  the  southern  boulder  train  contain  much  more  pyropes.  The  pyropes  are  up  to 
2  cm  in  size  and,  as  a  rule,  have  a  thick  kelyphytic  rim  (0.5- 1.5  mm);  the  biggest  grains  are  of  orange 
color,  typical  of  the  pyropes  of  megacryst  series.  Chromite  crystals  of  predominantly  octahedral 
shape  are  quite  abundant  in  the  rock. 

Common  signatures  of  the  pyropes  and  chromites  from  the  southern  kimberlites  are  similar  to  those 
for  the  kimberlites  from  the  western  segment  of  the  area,  but  there  are  significant  inhomogeneities  in 
the  signatures  of  the  pyropes  whose  representative  specimens  were  taken  from  separate  localities  of 
the  boulder  train.  Along  with  petrographic  characteristics,  this  is  evidence  either  of  multiple  primary 
sources  of  the  train  or  polyphase  nature  of  one  huge  source.  The  content  of  subcalcium  pyropes 
(>  5  wt.%  Cr203)  varies  here  from  1  to  4%  indifferent  specimens. 

The  diamonds  of  0.2  to  3.5  mm  in  size  are  represented  by  a  morphological  set  typical  of  kimberlites. 
Most  grains  are  crystal  fragments;  among  the  unbroken  crystals  there  are  octahedrons,  spinel  twins, 
tetrahexahedrons,  and  cubes.  The  population  of  crystals  of  size  <  1  mm  have  significant  proportion 
of  yellow  cubes  and  their  fragments. 

Analysis  of  specific  features  of  composition  and  paragenesis  of  the  pyropes  and  chromites  from  the 
Snap  Lake  kimberlites  indicates  that  there  exists  the  thick  lithosphere  (~300  km),  whose  roots  are 
made  up  of  depleted  lherzolites  with  very  high  Cr/(Cr+Al).  Geochemical  characteristics  of  the  most 
Cr-rich  garnets  (Cr203  >12  wt.%),  in  particular  REE  signature  along  with  high  contents  of 
knorringite  molecule  (up  to  30  mol  %),  suggest  that  their  host  rocks  are  diamondiferous.  Support  for 
this  hypothesis  comes  from  the  high  diamond  potential  of  the  investigated  kimberlites  at  a 
comparatively  low  content  of  subcalcium  Cr-rich  garnets,  which  are  the  indicators  of  diamonds  in  the 
ordinary  Siberian  and  African  kimberlites  (Sobolev,  1971;  Gurney  et  al.,  1984),  and  from  the  high 
contents  of  the  above-mentioned  garnets  extremely  rich  in  Cr,  with  their  ratio  of  contents  of  CaO 
and  Cr203  corresponding  to  the  lherzolite  trend. 
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Fig.  1.  Composition  of  the  Snap  Lake  area  (western  part) 
pyropes,  CaO  vs  Cr203  diagram  (n=317). 


Fig.2.  Representative  REE  patterns  of  the 
extremally  high-Cr  pyropes  (Cr203  >  12 
wt.%)  (solid  lines)  and  ordinary  high-Cr 
pyrope  (Cr203  =  9.5  wt.%)  (dashed  line)  of 
lherzolite  paragenesis.  Snap  Lake  area, 
western  part. 
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Peculiarities  of  pyroxenite  paragenesis  garnets  distribution  in  Yakutian 
kimberlites  and  some  aspects  of  the  Siberian  craton  lithospheric  mantle 

evolution. 
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Three  intense  cycles  of  kimberlite  magmatism  activity  are  known  on  the  Siberian  Platform:  Upper 
Devonian-Lower  Carboniferous  (370-345  Ma),  Triassic  (240-220  Ma),  and  Upper  Jurassic  (150-135 
Ma)  (Davis  et  al.,  1980;  Brachfogel,  1995).  Another  paramount  event  of  the  Phanerozoic  stage  of 
the  Siberian  Platform  evolution  was  a  huge  but  relatively  short-term  cycle  of  trap  magmatism  at  the 
Permian-Triassic  border,  with  its  maximum  intensity  expressed  235-230  Ma  ago  (Zolotukhin, 
Almukhamedov,  1988;  Baksi,  1990). 

Thus,  two  cycles  of  kimberlite  magmatism.  Upper  Devonian-Lower  Carboniferous  and  Upper 
Jurassic,  and  the  peak  of  intensity  of  the  Jurassic  trap  magmatism  were  separated  by  considerable 
gaps  of  110  Ma  and  70  Ma,  respectively.  The  kimberlite  fields  formed  during  the  Upper  Devonian- 
Lower  Carboniferous  are  known  both  for  central  and  northeastern  regions  of  the  Yakutian 
Kimberlite  Province,  while  the  Upper  Jurassic  kimberlites  have  been  established  only  in  the  north  and 
northeast. 

Comparative  analysis  of  the  distribution  of  compositions  of  representative  samples  of  pyropes  (>100 
grains  from  each  body)  from  the  concentrates  of  several  tens  of  heterochronous  pipes  in  the  central 
and  northern  fields  of  the  province  as  well  as  pyropes  from  the  Lower  Carboniferous  conglomerates 
developed  within  the  Kyutyungda  graben  on  the  northeastern  margin  of  the  Siberian  Platform 
(Sobolev  et  al.,  1981)  showed  that: 

1.  Pyropes  from  the  Middle  Paleozoic  kimberlites  from  the  central  and  northern  regions  are  very 
close  in  CaO  and  Cr203  variations  for  compositions  corresponding  to  lherzolite  and  harzburgite- 
dunite  parageneses;  a  distinguishing  feature  of  the  Middle  Paleozoic  kimberlites  from  the  northern 
regions  is  the  nearly  complete  absence  of  Ca-rich  Cr-pyropes  of  wehrlite  paragenesis  which  are 
rather  common  in  the  kimberlites  from  the  central  regions  (Sobolev  et  al.,  1973). 

2.  A  typical  feature  of  the  garnet  complex  from  the  Upper  Jurassic  kimberlites  is  a  many-fold 
increased  share  of  pyropes  of  pyroxenite  parageneses  in  them  as  compared  with  the  garnets  from  the 
Paleozoic  kimberlites;  this  is  expressed  in  significantly  increased  of  FeO  average  and  decreased 
Cr203  contents  (see  Table  1). 

3.  In  the  kimberlites  of  Upper  Jurassic  age  the  role  of  pyropes  with  a  high  (>7  wt.%)  admixture  of 
Cr203  drastically  drops:  for  example,  the  amount  of  these  pyropes  for  32  pipes  of  Middle  Paleozoic 
age  from  the  Daldyn  and  Alakit  fields  averages  15.2%,  and  for  26  pipes  of  Upper  Jurassic  age  from 
the  Lower  Olenek  region  it  averages  2.1%  (see  Table  1). 

Detailed  study  of  the  complex  of  mantle  rock  xenoliths  from  the  heterochronous  kimberlites  of  the 
Siberian  Platform  has  shown  that  the  thickness  of  the  lithosphere  of  the  central  regions  in  the 
Paleozoic  time  was  no  less  than  250  km  at  heat  flows  in  the  range  from  36  to  39  mWm'2  (Pokhilenko 
et  al.,  1991;  1993;  Griffin  et  al.,  1995;  Boyd  et  al.,  1997).  The  complex  of  mantle-derived 
xenogenous  material  from  the  Upper  Jurassic  kimberlites  in  the  northeastern  part  of  the  Siberian 
Platform  characterizes  the  considerably  less  thickness  of  the  lithosphere  (no  more  than  150  km)  with 
heat  flows  being  no  less  than  40  mWm'2  at  that  time.  On  the  other  hand,  Ni-Cr  thermobarometry  of 
the  pyropes  from  the  Middle  Paleozoic  kimberlites  on  the  same  territory  gives  the  lithosphere 
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thicknesses  and  heat  flows  comparable  with  those  for  the  Middle  Paleozoic  kimberlites  from  the 
central  parts  of  the  platform  (see  Fig.  1). 

A  considerably  increased  role  of  pyroxenites  in  the  lithosphere  mantle  of  the  Siberian  Platform,  joint 
with  a  significant  increase  in  the  total  thickness  of  the  lithosphere,  may  be  due  to  the  processes  of 
erosion  (thinning)  of  the  lithosphere  mantle  as  a  result  of  the  active  interaction  of  the  lithosphere 
roots  with  melts  of  asthenosphere  origin  during  an  intense  cycle  of  trap  magmatism,  covering  a 
territory  of  about  1.5  min  km2  (Pokhilenko,  Sobolev,  1995). 

The  of  transformation  of  the  harzburgite-dunites  from  the  lithosphere  roots  into  lherzolites  and 
wehrlites  as  a  result  of  the  interaction  with  mantle-derived  melts  is  documented  at  different  stages  of 
its  evolution  by  rare  findings  of  these  rocks  in  the  xenolith  complex  (Shimizu  et  al.,  1994;  1997).  We 
have  found  and  explored  a  unique  xenolith  of  peridotite  with  unambiguous  signs  of  its  primary 
paragenesis  of  harzburgite-dunite  type  and  its  successive  transformation  into  wehrlite  and  then  into 
lherzolite;  the  amount  of  clinopyroxene  completely  missing  from  the  primary  rock  reached  30-35 
vol.%  in  the  end  product.  The  presence  of  the  rocks  of  this  composition  in  the  mantle  corroborates 
our  scheme  suggesting  significant  transformation  of  the  lower  levels  of  the  lithosphere  mantle  when 
trap  magmatism  intensely  developed  within  the  Siberian  Platform. 

Tablel.  The  compositional  peculiarities  of  the  garnets  of  ultrabasic  paragenesis  from 
the  Yakutian  kimberlites  (Pokhilenko  et  al.,  1988). 


Kimberlite 

regions 

N 

n 

FeO 

x/S 

Cr203 

x/S 

m,% 

n2,% 

n3,% 

Daldyn-Alakit 

32 

8.06 

4.20 

35.8 

15.2 

3.2 

6726 

1.07 

2.34 

Lower  Olenek 

26 

9.44 

2.75 

4.8 

2.1 

0.0 

3834 

1.62 

1.26 

N  -  amount  of  researched  pipes;  n  -  amount  of  analyzed  garnet  grains, 
ni .  amount  of  pyropes  with  Cr203  >  5  wt.% 
n2  -  amount  of  pyropes  with  Cr203  >  7  wt.% 
n3  -  amount  of  pyropes  with  Cr203  >  10  wt.% 

Fig.l.  The  estimations  of  lithosphere  thickness  and  geotherm  character  for  the  North-Eastern  marginal 
zone  of  the  Siberian  Platform  at  Middle  Paleozoic  and  Upper  Jurassic  time. 

Depth,  km 
100  200 


1  .The  geotherms  calculated  for  the  heat  flows  of  various  intensity. 

2.  The  geotherm  for  Lower  Olenek  region  (Upper  Jurassic  time). 

3.  The  geotherm  for  the  lithosphere  under  Ivushka  pipe  (Middle 
Paleozoic  time). 

4.  The  geotherm  of  the  South-Western  board  of  Kyutyungda  graben 
(Middle  Paleozoic  time). 

5.  The  geotherm  for  the  North-Eastern  board  of  Kyutyungda  graben 
(Middle  Paleozoic  time). 

6. The  estimations  of  maximal  pressures  and  depths  of  the  root 
parts  of  lithosphere  for  the  areas  2-5  at  various  time. 

7. Thc  maximal  interval  of  lithosphere  erosion  of  the  region 
during  the  period  between  Lower  Carboniferous  and  Upper 
Yurassic  time. 
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Eclogites  have  been  considered  to  represent  subducted  oceanic  crust  (MacGregor  and  Man  ton,  1986; 
Beard  et  al.,  1996),  residues  from  the  production  of  Archean  crust  (Ireland  et  al.,  1994;  Rollinson, 
1997),  and  cumulates  from  high  pressure  mantle  magmas  (O'Hara  and  Yoder,  1967;  MacGregor  and 
Carter,  1970;  Smyth  et  al.,  1989;  Taylor  and  Neal,  1989).  We  do  not  attempt  to  examine  all  these 
possible  origins.  Instead,  we  concentrate  on  the  possibility  of  a  high  pressure  cumulate  origin  for 
eclogite  xenoliths  found  in  kimberlite  pipes. 

In  the  Ca0-Mg0-Al203-Si02  (CMAS)  system,  Milholland  and  Presnail  (1998)  determined  liquidus 
phase  relations  for  the  model  tholeiitic  basalt  tetrahedron,  forsterite-diopside-anorthite-quartz  at  3.0 
GPa.  They  found  a  large  divariant  liquidus  surface  along  which  garnet  and  clinopyroxene  (model 
bimineralic  eclogite)  crystallize.  This  surface  expands  with  pressure  at  least  up  to  5  GPa  (Weng  and 
Presnail,  1995).  It  is  bounded  at  3.0  GPa  by  six  liquidus  boundary  lines  along  which  one  of  the  six 
additional  phases,  spinel,  sapphirine,  corundum,  kyanite,  quartz,  and  orthopyroxene  is  present  in 
addition  to  garnet  and  clinopyroxene.  Each  of  these  uni  variant  boundary  lines  terminates  at  either  end 
against  an  isobaric  invariant  point  except  that  in  one  case,  the  termination  occurs  at  an  invariant  point 
in  P-T  space.  The  set  of  isobaric  invariant  points  correspond  to  the  assemblages,  gt  +  cpx  +  sp  +  sa 
+liq,  gt  +  cpx  +  sa  +  cor  +  liq,  gt  +  cpx  +  cor  +  ky  +  liq,  gt  +  cpx  +  ky  +  qz  +  liq,  and  gt  +  cpx  +  qz 
+  en  +  liq.  The  invariant  point  in  P-T  space  has  the  assemblage  ol  +  opx  +  cpx  +  gt  +  sp  +  liq  (gt, 
garnet;  cpx,  clinopyroxene;  opx,  orthopyroxene;  sp,  spinel;  sa,  sapphirine;  cor,  corundum;  ky, 
kyanite;  qz,  quartz;  fo,  forsterite;  liq,  liquid).  Liquids  on  the  gt/cpx  surface  that  crystallize  bimineralic 
eclogite  range  from  model  picritic  basalt  to  an  intermediate  composition.  Liquidus  temperatures  on 
this  surface  range  from  1568°C  for  the  most  magnesian  liquids  to  1400°C  for  the  most  siliceous. 

We  have  determined  by  microprobe  the  compositions  of  coexisting  garnet,  clinopyroxene  and  liquid 
for  a  wide  range  of  points  on  the  divariant  gt/cpx  surface.  The  run  products  were  kindly  supplied  by 
C.  S.  Milholland  and  the  run  conditions  are  reported  in  Milholland  and  Presnall  (1998).  From  these 
data  we  have  fitted  a  surface  to  the  liquid  composition  data.  For  each  determined  liquid  composition 
on  the  surface  and  the  known  compositions  of  the  coexisting  garnet  and  clinopyroxene,  we  have 
calculated  the  bulk  composition  of  the  crystallizing  assemblage,  the  relative  proportions  of  garnet  and 
clinopyroxene  in  this  assemblage,  and  the  tangent  to  the  liquidus  fractionation  line  passing  through 
the  liquid.  From  these  tangents,  we  have  constructed  liquidus  fractionation  lines,  which  define  the 
liquid  path  for  fractional  crystallization  of  any  composition  on  the  surface. 

Our  data  and  that  of  Milholland  and  Presnall  (1998)  show  that  during  fractional  crystallization  at  3.0 
GPa,  the  liquid  that  crystallizes  bimineralic  eclogite  changes  from  an  initial  model  picrite  (47.3% 
Si02,  17.0%  AI2O3,  22.1%  MgO,  13.5%  CaO)  to  an  intermediate  composition  (56.8%  SiC>2,  22.1% 
AI2O3,  6.3%  MgO,  14.8%  CaO).  During  this  fractional  crystallization,  cumulus  clinopyroxene 
increases  in  CaO  (from  13.7  to  20.8%)  and  AI2O3  (from  9.0  to  18.9%),  and  decreases  in  MgO  (from 
25.1  to  12.8%).  The  corresponding  change  in  composition  of  the  cumulus  garnet  is  from  Py86Gri4 
to  Py79Gr2i  (mole).  Phases  in  addition  to  garnet  and  clinopyroxene  in  equilibrium  with  the  most 
magnesian  liquid  are  olivine  and  orthopyroxene.  The  most  siliceous  liquid  is  in  equilibrium  with  the 
additional  phases  kyanite  and  quartz;  and  other  liquids,  only  slightly  less  siliceous  are  in  equilibrium 
with  corundum  The  most  magnesian  liquid  lies  very  close  to  the  aluminous  pyroxene  plane.  Thus,  if 
interstitial  melt  were  trapped  in  the  gamet-clinopyroxene  cumulus  assemblage,  the  only  result  would 
be  crystallization  of  additional  garnet  and  clinopyroxene.  On  cooling  and  crystallization,  the  liquid 
would  move  away  from  the  aluminous  pyroxene  plane  toward  more  aluminous  and  siliceous 
intermediate  compositions,  and  the  possibility  of  forming  interstitial  corundum,  kyanite,  or  quartz 
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from  trapped  melt  would  increase.  Alternatively,  these  minerals  could  also  form  as  cumulus  phases 
crstallized  from  certain  of  the  more  fractionated  liquids. 

On  the  basis  of  the  MgO  content  of  garnet,  Hills  and  Haggerty  (1989)  and  Fung  and  Haggerty  (1995) 
divided  41  selected  eclogite  samples  from  the  Koidu  kimberlite  complex,  Sierra  Leone,  into  high- 
MgO  and  low-MgO  types.  High-MgO  eclogites  have  diopsidic  clinopyroxene  with  Al203<4.1%  and 
garnets  with  Gr/(Gr  +  Py)  <25.  Low-MgO  eclogites  have  omphacitic  and  aluminous  (up  to  17.6% 
AI2O3)  clinopyroxene  and  garnet  with  Gr/(Gr  +  Py)  >25.  Also,  corundum,  kyanite,  and  quartz 
occur  in  the  low-MgO  eclogites  from  the  Koidu  kimberlite  but  are  absent  from  the  high-MgO 
eclogites.  Similar  compositional  and  accessory  mineral  relationships  exist  for  eclogites  from  the 
Udachnaya  mine  in  Russia  (Snyder  et  al.,  1997)  and  from  southern  Africa  (MacGregor  and  Carter, 
1970;  Shervais  et  al,  1988;  Taylor  and  Neal,  1989;  Smyth  et  al.,  1989). 

The  correspondence  between  the  mineralogical  and  chemical  changes  expected  from  the  phase 
relations  and  those  found  in  natural  eclogites  is  striking  and  suggests  that  consideration  should  be 
given  to  a  high  pressure  cumulate  origin  for  the  complete  compositional  range  of  eclogites  found  in 
kimberlites.  According  to  this  scenario,  high-MgO  eclogites  would  be  cumulates  from  picritic 
magmas  and  these  would  grade  continuously  into  low-MgO  eclogites  formed  as  cumulates  from 
magmas  of  intermediate  composition  enriched  in  SiC>2  and  AI2O3  and  depleted  in  MgO.  The  phase 
relations  also  suggest  that  a  cumulus  and/or  intercumulus  origin  for  corundum,  kyanite,  and  quartz  in 
the  low-MgO  eclogites  should  be  considered. 

Oxygen  isotope  data,  which  suggest  that  many  eclogites,  particularly  the  low-MgO  types,  are  derived 
from  ancient  subducted  crust  (MacGregor  and  Manton,  1986;  Beard  et  al.,  1996),  present  a 
potentially  severe  problem  for  generalized  application  of  a  high  pressure  cumulate  model.  However, 
it  is  unsatisfying  to  suggest  that  certain  eclogite  xenoliths  with  oxygen  isotope  ratios  that  deviate  from 
the  mantle  value  must  be  plucked  out  of  an  otherwise  coherent  picture  and  assigned  a  completely 
different  origin.  An  issue  that  appears  not  to  have  have  been  adequately  addressed  so  far  is  the 
possibility  of  modification  of  the  intrinsic  oxygen  isotopic  composition  of  eclogite  xenoliths  during 
their  entrainment  in  the  erupting  kimberlite.  In  this  regard,  the  extensive  alteration  of  Yakutian 
eclogite  xenoliths  figured  and  discussed  by  Snyder  et  al.  (1997)  should  be  noted. 

Ancient  cratons  have  been  generally  found  to  overly  a  mantle  root  that  is  correspondingly  ancient. 
This  suggests  that  the  mantle  roots  have  always  remained  attached.  We  propose  that  eclogites  from 
such  cratonic  areas  may  be  cumulates  remaining  from  fractional  crystallization  of  a  Hadean  magma 
ocean  that  produced  the  continental  proto-crust  as  a  residual  liquid.  In  this  regard,  an  important 
aspect  of  our  data  is  that  the  final  residual  liquid  produced  by  fractional  crystallization  at  3  GPa  has  an 
intermediate  composition  with  similarities  to  the  average  composition  of  the  continental  crust. 
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Abstract 

In  order  to  make  a  decision  on  the  optimum  depth  to  which  an  open  pit  kimberlite  diamond  mine 
should  be  planned  it  is  necessary  to  have  good  information  on  the  shape  and  grade  of  the  kimberlite 
pipe,  as  well  as  any  structures  in  the  host  rock.  Any  geophysical  technique  which  can  rapidly  and  cost- 
effectively  outline  pipes  in  three-dimensions  at  depth  would  be  of  great  assistance  in  evaluating 
kimberlites,  especially  where  decisions  have  to  be  made  quickly  and  on  limited  drilling  information. 

A  number  of  surface  and  borehole  geophysical  techniques  for  pipe  delineation  were  tested  at  Venetia 
Mine  and  BK-9  kimberlite  pipe  in  Botswana  during  1996  and  1997.  These  techniques  included  3D 
DC-Resistivity  Imaging,  Surface  Seismic  Reflection,  Seismic  Tomography  and  Radio-Wave 
Tomography. 


3D  DC-Resistivity  Imaging 

Surface  and  down-hole  resistivity  imaging  techniques  are  increasing  in  popularity  and  show  great 
promise  in  mapping  and  outlining  geological  targets  and  structures.  However,  a  great  deal  of  work  is 
needed  to  reach  a  better  understanding  of  “electrical  resistivity  tomography”.  Commercial 
instrumentation  has  improved  during  the  last  three  years,  but  unfortunately  software  development  has 
not  kept  pace. 

In  order  to  test  and  develop  a  such  system  embarked  upon  with  three  main  phases: 

-  Data  acquisition  and  preparation 

-  Equipment  and  software  development 

-  Development  of  the  technique  for  specific  prospecting  and  mining  applications. 

Promising  results  have  emerged  from  the  first  test  measurements  carried  out  at  BK9  in  16  combined 
borehole  and  surface  profiles  with  a  6-channel  multi-electrode  DC  resistivity  system. 

The  kimberlite/country  rock  contact  has  been  profiled  up  to  depths  of  200m  on  the  north-eastern  edge 
of  the  pipe.  Generally  the  first  results  show  a  distinct  low/high  resistivity  contrast  between  pipe  and 
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country  rock  (basalt)  up  to  a  depth  of  100m  -120m.  Below  this  depth  a  high/low  contrast  due  to  high 
resistive  structures  inside  the  pipe  and  the  low  resistive  surrounding  sandstone  is  mapped. 

Experiments  are  currently  underway  to  increase  the  depth  of  investigation  and  improve  the  resolution 
of  the  technique. 


Radio-Wave  and  Seismic  Tomography 

Comments  on  the  performance  of  these  techniques  will  also  be  discussed. 

To  the  best  of  our  knowledge,  this  is  the  first  time  that  geophysical  techniques  are  being  applied  to  map 
the  shape  of  a  kimberlite  at  depth  and,  if  successful,  the  project  would  ensure  significantly  assist  in 
future  mine  planning  and  development. 
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At  surface,  the  -530  Ma  Venetia  kimberlite  pipes  intrude  predominantly  Archean  supracrustal  and 
2.5  to  2.0  Ga  granitic  rocks  and  a  minor  amount  of  Archean  and  early  Proterozoic  tonalitic  to 
trondhjemitic  gneisses  ( e.g .  Pretorius,  1996;  Jaeckel  et  al. ,  1997).  Integrated  petrologic, 
geochemical  and  geophysical  studies  of  upper  lithospheric  nodules  from  these  pipes  show  that  these 
country  rocks,  which  are  characteristic  of  the  Central  Zone  of  the  Limpopo  Belt,  only  extend  to  a 
depth  of  at  most  10  km.  Below  that  level  to  a  depth  of  at  least  80  km,  the  upper  lithosphere  is  mafic 
and  ultramafic  composed  first  of  various  varieties  of  amphibolite  and  then  also  of  gabbronorite, 
pyroxenite,  garnet-quartz  rocks  and  eclogite.  The  break  between  Central  Zone  lithologies  and 
amphibolite  may  be  a  decollement  (Barton  and  Pretorius,  1998)  and  reflective  seismic  data  suggest 
that  the  rocks  below  are  part  of  the  Zimbabwe  Craton  (Roering  et  al .,  1992). 

Many  nodules  of  amphibolite  show  evidence  for  partial  melting  and  melt  extraction  (Pretorius, 
1996),  manifested  by  the  formation  of  zoned  poikilitic  garnet  containing  melt  inclusions  and 
residual  phases  and  serrate  edges  on  many  primary  grains  of  amphibole  and  plagioclase.  There  is 
an  increase  in  modal  garnet,  quartz,  ilmenite  and  rutile  next  to  primary  amphibole  and 
orthopyroxene  and  there  are  abundant  fluid  inclusion  trails  in  residual  quartz  and  garnet,  indicating 
the  importance  of  dehydration  in  melting  processes. 

Evidence  for  melting  of  three  compositions  of  amphibolite  were  observed:  felsic;  intermediate  and 
mafic.  Unmelted  compositions  contain  high  modal  percentages  of  sub-  to  euhedral  hornblende  and 
have  low  bulk  Mg#'s,  low  amphibole  Mg#'s  and  enriched  chondrite  normalized  LREE  patterns 
compared  to  restite  compositions.  Mafic  compositions  are  characterized  by  the  gradual  production 
of  between  one  and  five  metastable  varieties  of  amphibole  and  a  pyribole  (pyroxene-amphibole 
hybrid),  and  finally  a  pyroxene  bearing  restite  which  has  a  low  Ce/Lu  ratio  (-12)  relative  to  the 
unmelted  composition  (-23).  Intermediate  compositions,  however,  are  conspicuously  devoid  of 
pyroxene  and  are  dominated  by  garnet-quartz  restites  which  have  low  La/Yb  ratios  (-0.4)  compared 
to  the  unmelted  composition  (-1.7).  Hornblende  becomes  more  tschermakitic  and  plagioclase 
becomes  more  anorthitic  as  melting  progresses. 

Significant  information  was  gained  concerning  the  conditions  of  melting  of  amphibolite  beneath  the 
Venetia  kimberlite  pipes  by  comparing  the  intermediate  and  mafic  unmelted  and  restite 
compositions  to  those  used  and  produced  in  melting  experiments  (Wolf  and  Wyllie,  1993;  1994; 
Patino-Douce  and  Beard,  1995).  Compared  with  the  starting  compositions  used  in  the  melting 
experiments,  the  compositions  of  unmelted  amphibolite  are  more  iron  rich  and  magnesium  and 
calcium  poor.  Grains  of  restitic  garnet  in  Venetia  amphibolite  have  prograde  zonation  profiles,  in 
agreement  with  experimental  observations  and  consistent  with  prograde  melting.  Incompatible 
components  (Na20,  CaO,  K2O)  generally  decrease  as  melting  progresses  concurrently  with 
increases  in  MgO,  FeO  AI2O3  and  TiCU  Silica  saturation  is  an  important  parameter  in  the  control 
of  temperature  of  melting  of  amphibolite  (Wolf,  pers.  comm.,  1995)  and  hence  we  believe  that  the 
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most  significant  deviation  in  P-T  conditions  from  the  experimental  results  will  be  due  to  variations 
in  silica  saturation.  The  major  effect  of  the  higher  Fe/Mg  ratios  is  to  suppress  formation  of 
orthopyroxene  or  increase  garnet  crystallization. 

The  higher  the  activity  of  albite  in  intermediate  amphibolite,  the  higher  the  melting  pressure 
because  garnet  scavenges  Ca  (Green,  1969;  Fram  and  Longhi,  1992;  Rushmer,  1993;  Patino-Douce 
and  Beard,  1995).  Garnet  and  plagioclase  in  intermediate  Venetia  amphibolite  is  Ca  and  Na  rich 
(gross  26-27%;  An  23-32%).  For  these  compositions,  plagioclase  is  only  stable  at  pressures  below 
-10  kbar,  rutile  and  ilmenite  above  -10  kbar  and  garnet  above  ~12  kbar  (Patino-Douce  and  Beard, 
1995).  Thus  the  Venetia  intennediate  amphibolite  containing  garnet-rutile  and  ilmenite  restites 
probably  formed  at  pressures  above  ~12  kbar  and  possibly  above  -15  kbar  and  temperatures  above 
~850°C.  Mineral  equilibrium  geobarometry  on  Venetia  intermediate  amphibolite  indicates 
pressures  of  ~7  to  10  kbar,  showing  decompression  of  at  least  2  kbar  since  melting. 

In  mafic  amphibolite,  melting  reactions  and  resulting  mineral  textures  are  more  complex  (Wolf  and 
Wyllie,  1994).  During  progressive  melting  of  Venetia  mafic  amphibolite,  five  metastable 
amphibolite  phases,  pyribole  (high-Ca  cummingtonite),  Ca-free  cummingtonite, 
orthopyroxene/clinopyroxene,  Fe-Ti  oxides,  sphene  and  garnet  formed.  Abundant  growth  of  garnet 
and  orthopyroxene  takes  place  at  temperatures  of  -850  to  975°C  and  <~750°C  respectively  (Wolf 
and  Wyllie,  1993).  Garnet  is  stable  at  relatively  high  pressure  (>~1 1  kbar,  Wyllie  et  al. ,  1997)  but 
disappears  at  temperatures  between  ~975  and  1000°C  (Wolf  and  Wyllie,  1993).  Orthopyroxene 
becomes  progressively  unstable  at  pressures  >~12  kbar  and  between  -925  and  950°C  and 
hornblende  typically  disappears  at  >~975°C  (Wolf  and  Wyllie,  1993).  It  is  often  difficult  to 
distinguish  between  cummingtonite  and  orthopyroxene  in  experimental  charges  due  to  their  small 
grain  sizes  (Wolf,  pers.  comm.,  1995)  and  hence  evidence  from  the  Venetia  mafic  amphibolite 
suggests  that  cummingtonite  is  also  an  important  melt  phase.  Venetia  mafic  amphibolite  that 
contains  abundant  hornblende  and  cummingtonite  and  therefore,  probably  melted  at  relatively  low 
temperatures  (<~850°C).  As  temperature  increases  above  -850°C,  amphibolite  containing  garnet, 
cummingtonite,  hornblende  and  orthopyroxene  is  produced.  Above  ~950°C,  garnet  and 
cummingtonite/orthopyroxene  become  progressively  unstable,  until  the  final  assemblage  of 
clinopyroxene,  plagioclase  +  garnet  predominates.  Thus  if  relatively  high  temperatures  (-975  to 
1000°C)  and  low  hydrous  fluid  flux  were  sustained  during  melting  of  Venetia  mafic  amphibolite, 
clinopyroxene  rather  than  garnet  would  be  the  dominant  residual  phase  as  observed,  in  contrast  to 
melting  Venetia  intermediate  amphibolite.  Garnet  in  Venetia  mafic  amphibolite  is  interpreted  to  be 
a  result  of  subsolidus  recrystallization  as  indicated  by  its  chondrite  normalized  REE  composition. 

The  lower  to  middle  crust  (>~10  km)  under  the  Venetia  kimberlite  pipes  is  anomalous  compared  to 
other  lower  to  middle  crustal  estimates  by  being  enriched  in  FeO,  MnO  and  TiCE  and  lower  in 
Mg/Fe,  SiC>2,  AI2O3,  Na20  and  K2O.  This  composition  is  attributed  to  first  its  amphibolitic  nature 
and  second,  the  extraction  of  large  volumes  of  tonalitic  to  trondhjemitic  magma  during  the  Archean. 
Mass  considerations  and  lithological  proportions  argue  that  these  voluminous  magmas  are  not 
present  in  the  Central  Zone  of  the  Limpopo  Belt  (Barton  and  Pretorius,  1998).  Precisely  where  they 
are  remains  a  matter  of  contention  although  they  could  have  formed  major  components  of  either  the 
Northern  Marginal  Zone  of  the  Limpopo  Belt  or  the  Kaapvaal  or  Zimbabwe  Cratons. 
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Implications  for  diamond  prospectivity  from  comparisons  of  diamond  -  bearing 
lithosphere  in  two  Proterozoic  orogenic  belts 

Pretorius,  W*.,  Leahy,  K. 

Department  of  Earth  Sciences,  Leeds  University,  Leeds,  LS2  9JT,  UK 
(♦presently  at  Apt.  5B,  165E  83rd  St,  NYC,  NY,  10028,  USA) 

Diamond-bearing  lithosphere  existed  beneath  parts  of  two  Proterozoic  orogens:  the  (circa  3.0Ga) 
Central  Zone  of  the  Limpopo  Belt,  SA,  and  the  Glennie  Domain  (at  least  2.5Ga)  of  the  Trans 
Hudson  Orogen,  Canada.  These  two  Archean  terranes  encased  within  Proterozoic  orogens  are 
strikingly  similar,  but  also  have  distinctive  differences.  They  have  not  previously  been  regarded  as 
cratonic  regions  and  yet  both  have  been  intruded  by  diamondiferous  kimberlites.  Therefore  these 
orogens  highlight  the  limitations  associated  with  applying  Clifford's  Rule  when  identifying  diamond 
prospective  regions. 

Limpopo  Belt  vs.  Glennie  Domain 

The  central  part  of  the  cuspate  Trans  Hudson  Orogen  (THO)  in  Saskatchewan,  Canada,  is 
termed  the  Glennie  Domain  (GD),  and  prior  to  collision  had  an  areal  extent  of  at  least  400km  x 
800km  (although  now  has  a  considerably  smaller  outcrop).  The  pod  shaped  GD  is  interpreted  to  be 
an  Archaean  microcontinent  and  was  entrained  within  the  1.85Ga  oblique  collision  between  the 
Superior  and  the  Heame/Rae  Cratons  that  formed  the  THO  (Lewry  et  al,  1995).  It  has  been  imaged 
well  on  seismic  reflection  profiles  e.g.  LITHOPROBE.  The  LB  is  presently  approximately  300km  x 
600km  and  its  Central  Zone  (CZ)  is  apparently  "exotic"  due  to  its  unique  lead  isotope  signature 
(Barton  et  al,  1983),  and  was  emplaced  from  the  south-west  (McCourt  &  Vearncombe,  1992), 
during  the  Main  collisional  event  between  the  Kaapvaal  Craton  (KVC)  and  the  Zimbabwe  Craton 
(ZC)  circa  2.7Ga. 


Figure  1 

Major  elements  of  the 
tectonic  framework  for  a) 
the  Glennie  Domain  (GD), 
with  the  Fort  a  la  Come 
(FALC)  kimberlites. 
Archean  cratons  are  dark 
grey,  Proterozoic  mobile 
belts  are  light  grey,  b)  the 
Central  Zone  of  the 
Limpopo  Belt,  with  the 
Venetia  kimberlites.  Other 
igneous  intrusives  in  black 
fill,  Karoo  lavas,  light  grey. 


The  present  crustal  thickness  below  the  GD  is  36km,  and  a  discontinuous  crustal  root  zone  of 
up  to  48km  and  significant  Moho  topography  has  been  identified  from  LITHOPROBE  data. 
Currently  there  is  no  published  evidence  for  a  crustal  root  zone  below  the  CZ.  The  seismic  Moho 
below  the  LB  occurs  at  approximately  38km  depth  (Durrheim  et  al. ,  1992),  but  an  underlying  Low 
Velocity  Layer  (LVL)  to  56km  depth,  composed  predominantly  of  granulite  is  present,  placing  the 
petrologic  base  of  the  crust  at  about  56km  (Pretorius,  1996).  The  Moho  topography  therefore 
interpreted  to  deepen  below  the  LB  due  to  thicker/denser  crust  (e.g.  Pratt-type  isosatic  mechanism). 
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Constituents  of  the  lithosphere  from  the  base  upwards  may  be  determined  from  the  xenolith 
compositions  found  in  kimberlites,  which  are  generated  at  the  base  of  continental  lithospheres.  In  the 
northern  part  of  the  Glennie  Domain,  kimberlites  erupted  at  Fort  a  la  Come  (FALC,  93Ma), 
Saskatchewan.  In  the  Central  Zone,  kimberlites  have  intruded  at  the  River  Ranch  (400  -  500Ma)  and 
Venetia  (530Ma,  Allsopp  et  al,  1995)  localities. 

Table  1  summarises  lithospheric  composition  at  various  levels  in  the  two  terranes: 


Location  /  Feature 
upper  crust 


lower  crust 

upper  lithospheric  mantle 
lower  lithospheric  mantle 


occurrence  of  metasomatism 


depth  to  base  of  lithosphere 
diamonds 


Glennie  Domain  of  the  THO 

felsic-intermediate:  phanerozoic  cover, 

archean  quartzite,  granite  and  gabbro 

intermediate-mafic:  kyanite  and  quartz 
granulites,  amphibolite  and  eclogite 
spinel  Iherzolite,  eclogites,  rare  harzburgites 
garnet  Iherzolite,  eclogite  and  increasing 
harzburgite  towards  the  base  of  the 
lithosphere 

rare,  but  throughout  the  mantle  lithosphere 
due  to  both  hydrous  fluid  and  kimberlite 
melt  interaction 
180km 

2  distinct  age  groupings  -  archean  and 
neoproterozoic 


Central  Zone  of  the  Limpopo  Belt 

felsic-intermediate:  archean 

quartzofelspathic  gniess,  quartzite, 
metapelite 

mafic:  amphibolite,  granulite,  garnet 
pyroxenite  and  gabbro-norite 
mafic  eclogites 
undifferentiated  peridotites 


rare  evidence  of  metasomatism  in  the 
lower  mantle  due  to  kimberlite  melt 
interaction 
180km 

present,  but  undifferentiated 


Two  periods  of  diamond  formation  have  been  identified  from  Nitrogen  aggregation 
characteristics  of  diamonds  in  FALC  kimberlite:  an  Archaean  growth  period  (3.0  -  2.5Ga)  in 
lithosphere  with  a  thickness  of  at  least  150km  interpreted  to  be  inherent  to  the  GD  (Leahy  &  Taylor, 
1997),  and  a  second  period  of  growth  at  1.95  -  1.8Ga.  The  latter  is  interpreted  to  be  a  direct 
consequence  of  the  lithospheric  thickening  following  collisional  orogeny,  and  its  subsequent 
depression  into  the  diamond  stability  field  beneath  the  THO  (Leahy  &  Taylor,  1997).  By  implication 
this  negates  delamination  of  the  lithosphere  beneath  the  GD  during  orogeny.  Diamondiferous 
kimberlites  intruding  the  CZ  in  the  LB  at  River  Ranch  and  at  Venetia  indicate  that  the  lithosphere 
was  thick  and  cool  at  the  time  of  eruption  (circa  450Ma).  Lithospheric  thickness  below  Venetia  and 
River  Ranch  are  presently  on  the  order  of  180km  (Pretorius,  1996;  Kopylova  et  al,  1995). 
Unfortunately  no  diamond  ages  have  been  reported  so  far  for  any  kimberlites  in  the  LB.  Preliminary 
and  unpublished  Sm/Nd  ages  (Pretorius  &  Barton)  from  mineral  separates  of  eclogite  from  Venetia 
indicate  Archaean  (~3.0Ga)  ages,  pointing  to  the  presence  of  old  lithosphere.  The  Archaean  crust 
below  Venetia  was  at  least  36  -  42km  thick  between  3.2  -  2.88Ga  (Pretorius,  1996)  and  may  have 
doubled  in  thickness  during  crustal  stacking  and  thrusting  associated  with  the  LB  orogeny  at  ~2.7Ga. 


Lithospheric  cratonization  and  implications  for  diamond  prospectivity 

Estimates  of  effective  elastic  thickness  (Te,  a  measure  of  the  strength  of  lithosphere)  are  high 
for  the  Limpopo  Belt  and  the  Trans  Hudson  Orogen:  ~56km  (LB  &  southern  ZC;  Gwavava  et  al, 
1992)  and  75  -  100km  (THO;  Pilkington,  1991).  These  values  are  similar  to  the  adjacent  cratons:. 
the  KVC  has  a  Te~72km  (Doucoure  et  al,  1996),  and  the  Superior  Craton  has  a  Te~100  -  150km 
(Pilkington,  1991).  However,  Te  significantly  decreases  towards  the  northern  and  north-western 
parts  of  the  ZC  (Pretorius  &  Ebinger,  unpublished  data)  and  north-west  towards  the  Heame  Craton 
(Te~50km;  Pilkington,  1991)  respectively.  The  correlation  between  areas  of  high  Te  (strong)  and 
cratons  (which  are  by  implication  old,  stable  areas  of  low  heatflow),  has  been  clearly  demonstrated 
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by  the  compilation  of  global  (Doucoure'  et  al,  1996)  and  regional  African  (Ebinger  et  al,  1997)  Te 
data.  In  the  case  of  the  LB,  this  relationship  may  be  explained  by  xenolithic  evidence  of  Archean 
partial  melting  and  devolatization ,  leading  to  an  abundance  of  mechanically  strong  residual  phases 
(Pretorius,  1996;  Pretorius  &  Barton,  this  volume).  The  cratonized  area  should  be  relatively  less 
volatile  rich,  which  in  turn  increases  creep  strength,  elevates  the  solidus,  modifying  the  thermal 
regime  in  the  lithosphere  to  predominantly  conductive  regime  (Pollack,  1986),  making  them 
relatively  resistant  to  tectono-thermal  perturbations.  The  coincidence  between  areas  of  high  Te 
(strong)  and  "cratons",  therefore,  is  not  surprising.  Analogous  to  the  GD,  it  is  probable  that  diamond 
growth  also  may  have  taken  place  when  the  LB  lithosphere  was  downwarped  into  the  diamond 
stability  field  during  the  ~2.7Ga  LB  orogeny. 

It  seems  clear  that  areas  of  high  Te,  although  certainly  not  an  indicator  of  present  day 
diamond  prospectivity,  may  be  pointers  to  areas  which  have  at  least  good  potential  of  having  had 
some  period(s)  in  its  past  which  were  favourable  for  diamond  growth.  Whether  the  diamond  root  is 
preserved  and  actually  sampled  by  kimberlite  magmatism,  however,  is  clearly  a  function  of  the 
"cratons"  tectono-thermal  history  relative  to  these  diamond  forming  and  diamond  destroying 
processes.  The  need  for  detailed  global  compilations  of  variation  of  lithospheric  strength,  coupled 
with  data  pertaining  to  plume  activity,  tectonics  and  kimberlite  emplacement  ages,  is  clear  in  the 
future  search  for  further  diamond  prospective  regions. 
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Petrology  of  Spinel  Peridotite  Xenoliths  from  Cenozoic  Basaltoids  in  the  Khanka 

Craton’s  Terrain  (East  Russia) 

Prikhodko,  V.S.  and  Zemlyanukhin,  V.N. 

Institute  for  Tectonics  and  Geophysics,  Khabarovsk  680063,  Russia 

In  the  eastern  flank  of  the  Central  Asian  fold  belt  there  outcrop  a  number  of  big  craton's  terrains 
(Khankaisk,  Bureinsk.  etc.)  the  basis  of  which  is  made  up  by  fragments  of  Precambrian  crystalline 
complexes  separated  by  younger  fold  structures.  Within  the  Khanka  craton’s  terrain  Cenozoic 
alkaline  basaltoids  containing  spinel  peridotite  xenoliths  are  widespread.  The  upper  mantle  under 
Precambrian  complexes  is  represented  by  spinel  peridotite  xenoliths  from  the  Kirovsk  and 
Medvezhy  volcanic  structures,  and  the  mantle  near  the  margin  of  the  Precambrian  block  with  the 
Early  Paleozoic  fold  system  -  deep  rock  nodules  from  the  Sviyaginsk  volcano. 

Nodules  are  mainly  represented  by  spinel  lherzolites,  more  rarely  harzburgites  and  websterites 
occur.  Xenoliths  with  relatively  uniform  distribution  of  all  the  minerals  with  the  grain  sizes  from  0.5 
to  6  mm  prevail.  The  traces  of  residual  high-temperature  plastic  deformations  are  constantly 
observed.  The  level  of  ordering  of  microstructural  olivine  patterns  increases  from  fine-grained 
tow  ards  coarse-grained  varieties  and  from  xenoliths  of  the  Kirovsk  and  Medvezhy  volcanoes  to  the 
Sviyaginsk  volcano.  For  the  Sviyaginsk  volcano  xenoliths  the  prevailing  mechanism  of  plastic 
deformations  was  the  intracrystal  slide,  and  for  the  deep  rocks  of  two  other  structures  -  dynamic 
recrystallization  together  with  the  slide. 

Based  on  petrochemical  and  geochemical  criteria,  xenoliths  of  the  Sviyaginsk  volcano  are  similar  to 
the  "primitive"  mantle  material,  while  xenoliths  from  the  other  two  structures  are  considerably  more 
depleted,  Olivines  are  characterized  by  narrow  limits  of  MgO  and  FeO  variations,  while  pyroxenes 
and  chrome-spinellids  from  the  nodules  are  characterized  by  wide  variations  of  many  elements. 
Among  xenoliths  of  the  Kirovsk  and  Medvezhy  volcanoes  there  occur  the  least  aluminous  varieties 
of  these  minerals. 

Analysis  of  the  cation  exchange  between  olivines,  ortho-clinopyroxenes  and  chromespinellids  in  the 
Sviyaginsk  volcano  xenoliths  showed  that  together  with  the  increase  of  a  degree  of  rock 
deformation  silicates  get  enriched  in  magnesium,  spinel  -  in  iron,  and  clinopyroxenes  get  depleted 
in  j acleite  minal  and  spinels  get  enriched  in  chromium.  In  the  same  direction  the  temperature  of 
deep  rock  mineral  parageneses  balance  decreases.  In  xenoliths  of  the  volcanoes  draining  the  upper 
mantle  under  Precambrian  blocks  no  correlation  between  the  mineral  grain  sizes,  the  degree  of 
deformation  and  the  above  mentioned  material  parameters  has  been  found. 

Thus,  within  the  Khankaisk  craton’s  terrain,  spinel  peridotite  xenoliths  characterizing  the  upper 
mantle  of  the  Nakhimovsk  Precambrian  block  are  the  most  deformed  and  depleted  ones.  It  appears 
that  the  most  wide-scale  mantle  processes  took  place  in  the  Precambrian.  Further  evolution  of  the 
upper  mantle  material  of  the  craton  considered  is  characterized  by  the  transition  from  the  cool 
depleted  lithosphere  to  the  mantle  with  increased  thermal  regime. 
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Spectral  investigations  of  a  variety  of  magnesium-bearing  rock  types: 
implications  for  kimberlite  exploration. 

Pybus  G.Q.J.1,  Hussey  M.C.2  and  Linton  P.L.1 

1  Geophysical  Services  Department,  Anglo  American  Corporation  P.O.  Box  61587  Marshalltown  RSA  2107. 

2  Stockdale  Prospecting  Ltd.  60  Wilson  St.  South  Yarra,  Victoria,  Australia. 

The  aim  of  this  paper  is  to  explore  the  differences  between  the  spectral  response  of 
kimberlite,  and  other  mafic  and  ultramafic  rocks. 

Radiation  in  the  short-wave  infrared  (SWIR)  portion  of  the  electromagnetic  spectrum  can  be 
used  to  extract  mineralogical  information  from  natural  materials  such  as  rock  and  soil.  Absorption 
bands,  related  to  bonds  between  various  cations  (Al3+,  Mg2+,  Fe2+,  Fe3+,  Ca2+  and  Na+)  and  anions 
(OH',  C032'  and  S042'),  characterise  different  mineral  groups  and  species.  Major  absorption  band 
positions  for  this  study  are  1400nm,  1900nm,  2200nm,  2250nm,  2290nm  and  2300-2330nm.  These 
features  are  all  attributable  to  vibrational  overtone  and  combination  tones  involving  OH-stretching 
modes  (Hunt  and  Evarts,  1981,  Gaffey  et  al.,  1993). 

For  this  study  the  samples  were  measured  using  the  Portable  Infrared  Mineral  Analyser  (PIMA) 
spectrometer.  This  instrument  records  reflectance  data  in  601  channels  at  2nm  spacing  between 
1300  and  2500nm. 

Mineralogical  information  is  contained  in  the  overall  shape,  the  albedo,  and  in  the  positions 
of  individual  absorptions.  Absorption  positions  may  be  shifted  due  to  variation  in  mineral  species, 
and  also  because  of  structural/compositional  variations  within  a  species  (Clark  et  al.,  1990,  Gaffey 
et  al.  1993,  King  and  Clark,  1989). 

Figure  1  shows  spectra  from  rock  material  from  two  kimberlites.  The  main  features  are  the 
1400nm  and  1900nm  absorptions,  which  are  related  to  both  interlayer  and  bound  water.  Other 
features  which  give  an  indication  of  the  mineralogy  are  the  2244nm  to  2270nm  shoulder  features,  an 
important  2300nm  to  2320nm  feature,  and  a  variable  2390nm  feature  related  to  Mg-OH.  These 
features  can  indicate  the  presence  of  a  variety  of  mineral  species  (Hunt  and  Evarts,  1981,  Hunt  and 
Salisbury,  1970,  1973).  In  the  spectra  shown  in  Figure  1  the  minerals  that  can  be  identified  are 
serpentine  and  talc,  with  serpentine  dominant.  Table  1  indicates  the  dominant  and  secondary 
spectral  mineralogy  as  identified  using  the  PIMA  for  some  other  kimberlites. 


Sample  Number 

Location 

Facies 

Dominant 

mineral 

Secondary 

Mineral 

MW270102 

S.E.  Zimbabwe 

Hypabyssal 

serpentine 

n/a 

ZA052705 

S.E.  Zimbabwe 

Crater 

talc 

phlogopite? 

KMBVEN02 

Northern  Province 

Hypabyssal 

serpentine 

n/a 

HB00003A 

Karoo 

Hypabyssal 

serpentine 

talc 

PPT00002 

Karoo 

Hypabyssal 

serpentine 

n/a 

Table  1 :  Kimberlite  rock  samples  and  their  mineralogy  identified  from  spectral  measurements. 


The  shape,  width  and  position  of  the  Mg-OH  absorption  is  dependant  on  the  mineral  species 
present. 

Other  rock  types,  of  variable  composition  and  Mg-content,  show  a  similar  variation  in 
spectral  response.  Three  rock  samples  from  the  komatiite  dominated  Tjakastad  Subgroup  from  the 
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Barberton  Mountainland  were  measured.  The  spectra  indicate  the  presence  of  talc,  a  serpentine  and 
talc  mixture,  and  nontronite.  These  can  be  seen  in  Figure  2. 

The  spectrally  identified  minerals  from  a  wider  range  of  rocks  are  presented  in  Table  2. 


Sample  Number 

Stratigraphic  Position 

Rock  Type 

Spectrally 
Dominant  Mineral 

AM108IIR 

Allanridge  Fm. 

Basaltic  lava 

chlorite 

TKBAR078 

Tjakastad  S.Gp. 

Komatiite  lava 

talc 

TKBAR043 

Tjakastad  S.Gp. 

Komatiite  lava 

nontronite 

TKBAR027 

Tjakastad  S.Gp. 

Komatiite  lava 

talc 

ZA052907 

Limpopo  Mobile  Belt, 
Central  Zone 

Mafic  Dyke 

orthopyroxene,  talc 

ZA053039 

Limpopo  Mobile  Belt, 
Central  Zone  1 

Amphibolitic 

gneiss 

Amphibole 

ZA052935 

Limpopo  Mobile  Belt, 
Central  Zone 

Gabbro  intrusion 

nontronite  and 
montmorillonite 

30018143 

Limpopo  Mobile  Belt, 
Central  Zone 

Medium  grained 
granular 
ultramafic 

orthopyroxene, 

amphibole. 

A16R0003 

Limpopo  Mobile  Belt, 
Central  Zone 

Sheared 

amphibolite 

gneiss 

amphibole 

Table  2:  Mafic  and  ultramafic  rocks  from  southern  Africa,  and  their  mineralogy  identified  from 
spectral  measurements. 

Soil  samples  show  similar  features,  but  as  they  represent  the  weathered  product  of  the 
kimberlite,  the  mineralogy  is  different.  Soils  often  contain  Aluminium-clay,  in  addition  to  the 
Magnesium-rich  mineral  phase  derived  from  the  kimberlite.  Feature  ratios  may  be  used  as  a 
measure  of  the  different  relative  proportions  of  minerals  detected.  For  example  the  Mg-OH- 
feature/Al-OH-feature  ratio  is  an  approximate  measure  of  the  Magnesium-clay  versus  Aluminium- 
clay  ratio. 

From  these  observations,  it  can  be  seen  that  kimberlites  are  serpentine  dominated,  while  the 
other  rock  types  are  talc  or  amphibole  dominated.  Although  the  spectra  are  similar  they  can,  in  most 
cases,  be  discriminated,  implying  that  the  rocks  can  be  distinguished  on  this  basis.  The  PIMA  could 
be  useful  for  on  site  identification  during  drilling,  as  it  is  quick  and  provides  reliable  results. 

Clark,  R.N.,  King,  T.V.V.,  Klejwa  M.,  Swayze,  G.  and  Vergo  N.,  1990,  High  spectral  resolution 
reflectance  spectroscopy  of  minerals.,  J.  Geophys.  Res.,  95,  12653-12680. 

Gaffey,  S.J.,  McFadden,  L.A.,  Nash,  D.,  Pieters,  C.M.,  1993,  Ultraviolet,  visible,  and  near-infrared 
reflectance  spectroscopy:  laboratory  spectra  of  geologic  materials.  IN  Pieters,  C.M.  and  Englert, 
P.A.J.,  eds,  Remote  geochemical  Analysis:  Elemental  and  Mineralogical  Composition.  Cambridge 
University  Press,  Cambridge,  42-78. 

Hunt,  G.R.,  and  Salisbury,  J.W.,  1970,  Visible  and  near  infrared  spectra  of  minerals  and  rocks.  I. 
Silicate  minerals.  Mod.  Geology  1,  283-300. 

Hunt,  G.R.,  Salisbury,  J.W.,  and  Lenhoff,  C.J.,  1973,  Visible  and  near  infrared  spectra  of  minerals 
and  rocks.  VI.  Additional  silicates,  Mod.  Geology  4,  85-106. 

Hunt,  G.R.,  and  Evarts,  R.C.,  1981,  The  use  of  near-infrared  spectroscopy  to  determine  the  degree 
of  serpentinization  of  ultramafic  rocks.  Geophysics,  46,  316-321. 

King,  T.V.V.,  Clark,  R.N.,  1989,  Spectral  characteristics  of  chlorites  and  Mg-serpentines  using 
high-resolution  reflectance  spectroscopy.  J.  Geophy.  Res.,  94,  13997-14008. 
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Figure  1:  Spectra  from  kimberlite  rock  samples  showing  serpentine  in  blue,  and  a  mixture 
of  serpentine  and  talc  in  red. 


Figure  2:  Spectra  from  three  rock  samples  from  the  Tjakastad  Subgroup.  Red  -  talc  dominated 
spectrum,  blue  -  amphibole  dominated  spectrum,  and  green  -  nontronite  spectrum. 
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Subduction  and  Slab  Melting  in  the  Archean:  Experimental  Constraints  and 
Implications  for  Development  of  Cratonic  Lithosphere 

Rapp,  R.P.1,  and  Shimizu,  N.2 

1 .  Mineral  Physics  Institute  and  Center  for  High  Pressure  Research,  Department  of  Geosciences,  State  University 
of  New  York,  Stony  Brook,  NY,  1 1794,  USA 

2.  Department  of  Geology  and  Geophysics,  Woods  Hole  Oceanographic  Institution,  Woods  Hole,  MA,  02543,  USA 

The  relationship  between  the  mechanisms  responsible  for  the  creation  of  the  earliest  continental 
crust  and  the  development  of  mantle  roots  to  the  juvenile  continents  must  be  considered  in  any 
tectonic  and  petrologic  models_for  craton  formation  in  the  Archean.  Tectonic  scenarios  for  the 
evolution  of  the  Kaapvaal  craton  envision  the  first  fragments  of  continental  (i.e.,  granitic)  crust 
forming  in  psuedo-subduction  zones  by  partial  melting  of  deeply  foundered  basaltic  ocean  crust, 
transformed  to  eclogite,  during  tectonic  accretion  and  imbricate  thrust-stacking  of  buoyant  slabs 
of  hot  Archean  oceanic  lithosphere  (deWit  et  al.,  1992).  Granitoids  in  early  Archean  high-grade 
gneiss  and  granite-greenstone  terrains  are  dominantly  Na-rich  tonalites  and  trondhjemites  (or  TTG 
granitoids).  Geochemical  and  isotopic  studies  of  diamondiferous  eclogite  xenoliths  from 
kimberlites  in  Siberia  (e.g.,  Jacob  et  al.,  1994;  Snyder  et  al.,  1997)  and  southern  Africa  (e.g., 
MacGregor  and  Manton,  1986)  support  the  idea  that  remnants  of  (subducted)  Archean  oceanic 
crust  exist  in  the  sub-cratonic  mantle.  On  the  basis  of  geochemical  features  indicating  the  loss 
of  a  TTG  melt  component,  eclogite  xenoliths  and  mineral  inclusions  in  diamonds  fromother 
kimberlites  have  been  interpreted  as  the  residues  from  Archean  granitoid  crust  formation  (Ireland 
et  al.,  1994;  Rollinson,  1997). 

Experimental  studies  have  demonstrated  that  dehydration  melting  of  hydrous  basalt  at  1-4 
GPa  produces  Na-rich,  high-Si02,  high-Al203  liquids  comparable  to  tonalite  and  trondhjemite 
granitoids  co-existing  with  eclogite  residues  (Rapp  and  Watson,  1995).  The  jadeite  contents  of 
clinopyroxene  in  residues  of  melting  at  1-5  GPa  show  a  strong  pressure-dependence  (Figure  1). 


A  1.2  GPa.  1000°C 

■  1.8  GPa,  1000°C 

•  2.2  GPa,  1050°C 

■  3.2  GPa,  1100°C 

•  4  GPa,  1100°C 

♦  5  GPa,  1100°C 

□  Hi-Mg  Koidu  eclogites 
D  low-Mg  Koidu  eclogites 
°  Yakutian  eclogites 
+  Roberts  Victor  Grp.  I 

*  Roberts  Victor  Grp.  II 
O  Schuller  eclogites 


MgO  (wt%)  in  cpx 

Figure  h  Relationship  between  Na20  and  MgO  in  clinopyroxene  in  eclogite  xenoliths  from  the 
subcontinental  mantle  and  eclogite  residues  of  melting  in  experiments  at  1-5  GPa. 
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Clinopyroxene  in  eclogite  xenoliths  from  kimberlites  in  the  Siberian,  South  African,  andWest 
African  cratons  follow  a  sub-parallel  and  overlapping  trend  with  the  high-pressure  eclogite 
residues  of  melting.  The  data  suggest  that  if  any  of  these  xenoliths  are  residues  from  the 
magmatism  that  produced  the  TTG  granitoids  of  the  craton,  partial  melting  of  their  mafic,  crustal 
protoliths  occurred  between  2  and  4  GPa.  Specific  criteria  for  identifying  eclogite  residues  from 
melting  of  Archean  oceanic  crust  during  craton  formation  are  provided  by  ion  microprobe 
analyses  of  individual  crystals  of  clinopyroxene  and  garnet  in  the  experimental  eclogite  residues 
in  equilibrium  with  TTG  melts  at  1-4  GPa  (Figures  2a  and  2b,  respectively). 


— G - 

1.2  GPa,  1000°C 

- □— 

1.6  GPa,  1050°C  #2 

- □ - 

1.6  GPa,  1025°C  #3 

- 6 — 

1.6  GPa  1050°C  #3 

— 0 — 

3.2  GPa,  1100°C  #2 

— o — 

3.2  GPa,  1150°C  #2 

-  -Ar  - 

Ud94  diamond  inclusion 

Yakutian  eclogites 

- - - 

Roberts  Victor  Grp  I 

melt- hybridized  gt,  4  GPa 

Figure  2,  Chondrite-normalized  rare-earth  element  patterns  for  clinopyroxene  (a)  and  garnet  (b) 
in  experimental  eclogite  residues  at  1.2-3. 2  GPa,  compared  to  REE  patterns  for  these  minerals 
in  Siberian  eclogites  and  diamond  inclusions,  and  Group  I  eclogites  from  South  Africa. 
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Experimental  clinopyroxene  in  eclogite  residues  of  melting  have  slightly  convex  rare-earth 
element  (REE)  patterns  that  are  depleted  in  the  light-REE  La  and  Ce  (Fig.  2a);  selected 
clinopyroxenes  from  Yakutian  and  Roberts  Victor  Group  I  eclogites  possess  similar  patterns  and 
overall  abundances  that  overlap  with  the  experimental  samples.  Garnets  in  the  experimental 
residues  are  strongly  depleted  in  LREE  and  Nd,  but  their  REE  patterns  are  relatively  flat  in  the 
middle  and  heavy  rare-earths  (Fig.  2b);  again,  selected  garnets  from  Roberts  Victor  and  Yakutian 
eclogites  possess  similar  patterns  and  overlappping  abundances.  This  is  clear  evidence  that  these 
and  perhaps  other  eclogites  from  the  sub-cratonic  lithosphere  represent  the  residues  from  melting 
of  Archean  oceanic  crust,  and  as  such  represent  the  complementary  reservoir  to  the  TTG 
granitoids  of  the  craton  (Ireland  et  al.,  1994;  Rollinson,  1997). 

Silica-rich  melts  formed  during  dehydration  of  subducted  Archean  oceanic  crust  may  have 
reacted  with  fertile  or  depleted  mantle  in  developing  cratonic  roots,  producing  hybridized,  Mg- 
enriched  TTG  liquids  during  reaction  with  and  assimilation  of  peridotite.  In  peridotite 
assimilation  experiments  at  4  GPa,  basalt-derived  TTG  liquids  are  hybridized  to  Mg-rich  tonalite 
in  melt-peridotite  reactions  which  produce  orthopyroxene  at  the  expense  of  olivine.  Such 
reactions  may  explain  the  origin  of  orthopyroxene-rich  peridotites  (Kelemen  and  Hart,  1996) 
beneath  the  Kaapvaal  (Boyd,  1989)  and  Siberian  cratons  (Boyd  et  al.,  1997). 
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Kimberlites  are  formed  by  mantle  melting  and  formation  of  a  water-carbonate-silicate  fluid, 
supersaturated  with  volatiles,  of  low  density  and  a  high-migration  ability.  Diamond  occurrence  in 
kimberlites  depends  on  the  depth  of  magma  formation  and  the  speed  at  which  the  magma  ascends  to 
the  surface  and  related  fluid  features  (Perchuk  and  Vaganov,  1980). 

A  petrological  indicator  of  melting  depths  of  primary  mantle  magmas  may  be  their  Ca-content 
(Kravchenko  et  al.,  1992),  which  reflects  in  their  derivatives,  more  or  less,  from  deep  and  shadow 
levels,  respectively.  The  Ca-enriched  kimberlites,  the  derivatives  of  primary  magmas  from  greater 
melting  depths  are  favorable  for  diamond  occurrence,  providing  the  absence  of  intermediate 
magmatic  chambers  in  the  hypabissal  conditions,  where  melilite  may  crystallize.  Thus,  the  occurrence 
of  melilite  in  kimberlite  is  a  guideline  in  the  diamond-absence.  To  the  contrary,  the  Ca-enriched 
kimberlites,  monticelite-bearing,  but  without  melilite,  are  diamond-bearing,  as  it  is  known  for  the 
Wesselton  pipe.  Recent  experimental  melting  investigations  on  this  kimberlite  confirm  the  formation 
of  its  parental  magma  from  the  depths,  greater  then  250  km  (Edgar  and  Charbonneau,  1993) 

The  above  preliminary  conclusions  invite  a  statistical  comparison  of  Ca-rich  and  Ca-poor,  diamond- 
rich,  diamond-poor,  and  diamond-free  kimberlites. 

The  rate  of  a  kimberlite  uplift  is  approximately  proportional  to  the  cooling  rate  of  mantle  xenoliths  in 
its  composition.  We  have  studied  the  cooling  history  of  the  diamond-bearing  kimberlite  from  the  pipe 
Mir  (Yakutiya,  Russia).  Detailed  microprobe  studies  (Camebax-microbeem)  of  the  minerals  were 
undertaken  paying  special  attention  to  the  diffusion  zones  occurred  between  growth-zoned  garnet 
and  contacting  biotite  packed  in  intersecting  cracks,  and  also  the  diffusion  zones  between  the  garnet 
and  a  clinopyroxene  inclusion  in  it. 

Thermometry  of  garnet -biotite  equilibrium  (Perchuk  and  Lavrent'eva,  1983)  yields  T-730  C  at 
P~3kbar.  A  diffusion  zone  is  of  about  4,5p.m.  The  model  of  nonequilibrium  exchange  reaction  in  a 
cooling  petrological  system  (Lasaga,  1983;  Gerasimov,  1983,  1992)  is  used  to  calculate  the  cooling 
rate.  The  cooling  rate  for  this  study,  estimated  by  the  diffusion  model,  is  2xl04  °C/Ma.  As  compared 
with  the  cooling  rate  of  the  diamond-bearing  rocks  from  Kokchetav  massif,  Kazakhstan  (Gerasimov 
and  Dobzhinetskaya,  1996),  it  is  less  by  half-magnitude. 
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Two  series  composing  the  alkaline-ultrabasic  association  are  distinguished:  melilite-bearing  rocks, 
high  in  Ca,  and  melilite-free  varieties,  low  in  Ca  (Kravchenko  and  Rass,  1985).  The  sequence  of 
melilite-bearing  mineral  associations,  according  to  their  segregation  during  the  formation  of  alkaline- 
ultrabasic  complexes,  both  in  the  Karelo-Kola  and  Maimecha-Kotuy  (NW  Siberian  Platform) 
provinces,  is  the  following:  kugdite  (Ol+Mel)  -  unkompahgrite  (Mel+Cpx)  -  turjaite  (Mel+Cph+Ne) 
-  okaite  (Mel+Ne)  -  micaceous  okaite  (Mel+Ne+Phl).  Melilite-bearing  rocks  in  Karelo-Kola  massifs 
(Kovdor  and  Cape  Turii,  at  least)  are  the  third  intrusive  phase,  following  olivinites  and  pyroxenites, 
also  jacipirangites  and  melteigites,  and  are,  in  turn,  transsected  by  ijolite,  nephelite  and  alkaline 
syenite  (Kukharenko  et  al.,  1965;  Bulakh,  1977).  The  melilite-bearing  rocks  of  Maimecha-Kotuy 
massifs  represent  the  second  phase  of  intrusion  following  the  intrusion  of  dunite-peridotites  and  ore 
pyroxenites  (in  the  Guli  massif),  or  olivinites  (e.g.  in  the  Kugda  and  Odikhincha  massifs),  and  are,  in 
turn,  transsected  by  jacupirangite-melteigites  and  ijolites,  and  also  syenites  (Egorov,  1991). 
Autonomous  displays  of  melilitic  rocks  do  also  exist,  e.g.,  in  Central  Europe  (Wimmenauer,  1974; 
Wilson  et  al.,  1995). 

The  systematic  study  of  mineral  composition  and  zoning  of  rock-forming  and  accessory  minerals 
provides  new  data  to  evaluate  their  essential  distinctions  that  depend  on  their  affinity  to  rocks  of  the 
melilite-bearing  or  melilite-free  series.  Clinopyroxenes,  olivines  and  nephelines  from  the  series  with 
melilite  are  enriched  in  Ca-content  as  compared  with  the  same  minerals  from  the  series  without 
melilite.  Thus,  CaO  in  olivines  is  0,42-2,08  wt.%  contre  0.28-0,46,  and  in  nephelines  0,32-2,93 
contre  0,04-0,61  wt.%  According  to  experimental  melting  data  (Gee  and  Sack,  1988;  Shi,  1993; 
Rass  et  al.,  1996),  the  Ca-content  in  olivine  and  nepheline  depends  on  the  Ca-content  in  the  melt, 
from  which  the  minerals  crystallized. 

The  zoning  of  clinopyroxenes,  titaniferrous  garnets,  and  especially  apatites  and  perovskites  from  the 
two  series  are  characterized  by  persistently  different  trends  of  component  microfractionation.  Thus, 
apatites  from  the  rock  sequence  pyroxenite  -  melanephelinite  -  melteigite-ijolite  -  nepheline  syenite 
are  enriched  in  SrO  in  the  consecutive  differentiates,  but  SrO  diminishes  from  crystal  core  to  rim. 
The  REE  contents  remain  nearly  constant.  On  the  other  hand,  the  apatites  from  melilite-bearing 
rocks  have  more  or  less  constant  Sr  contents  and  shaw  REE  increasing  from  crystal  cores  to  rims 
(Rass  and  Laputina,  1995). 

Clinopyroxenes  from  melilite-bearing  rocks  in  any  massif  are  enriched  by  REE,  as  compared  with 
clinopyroxenes  from  melilite-free  rocks  in  the  same  massif.  When  taken  into  account  that  REE 
concentrations  in  melilites  themselves  are  of  the  similar  magnitude  (Rass,  1982),  it  may  inferred  the 
parental  magmas  for  melilite-bearing  rocks  are  enriched  by  REE. 

Compositions  of  alkaline-ultrabasic  igneous  rocks,  when  traced  on  almost  each  petrochemical 
diagram,  especially  those  using  Ca-content  as  a  coordinate,  demonstrate  two  different  trends  related 
to  melilite-bearing  and  melilite-free  rocks,  with  more  and  less  Ca,  respectively.  The  normative 
tetrahedron  Ln-Fo-Q-Ne  (Yoder,  1979),  is  the  best  approximation  to  real  chemical  features  of  the 
rocks  under  investigation.  The  diagram  with  traced  rock  compositions  shows  that  two  rock 
sequences  could  not  be  from  one  parental  magma,  and,  as  compared  with  the  parental  magma  for 
melilite-free  rocks,  a  possible  parental  magma  for  melilite-bearing  rocks  must  be  enriched  in  Ca,  and 
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be  compositionally  close  or  similar  to  Siberian  kimberlites  with  approximatly  14  wt.%  CaO,  and  to 
the  LB  kimberlite  type  (Smith  et  al.,  1985). 

We  have  melted  such  kimberlite  (the  sample  kindly  put  at  our  disposal  by  Dr.  Ilupin),  and  melilite 
crystallized  at  a  pressure  7  kbar  and  a  temperature  1050°C  (Rass  et  al.,  1996).  This  result,  and  the 
experiments  on  Ca-rich  kimberlite  from  Wesselton  (Edgar  and  Charbonneau,  1993),  and  isotope  data 
on  melilitites  in  Central  Europe  (Wilson  et  al.,  1995)  support  the  idea,  that  melilite-bearing  rocks 
may  be  derivatives  from  deep,  Ca-rich,  mantle  magma.  One  of  the  necessary  conditions  for  the 
differentiation  of  kimberlite-like  or  kimberlite  magma  is  the  existence  of  an  intermediate  magma 
chamber  under  pressures  at  least  as  low  as  those  within  the  melilite  stability  field.  Hence  kimberlites 
themselves  should  be  an  explosive  facies  (as  it  is  the  case)  of  some  primary  mantle  magma. 
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Carbonatite  and  silicate  magmas  at  Dicker  Willem,  southern  Namibia:  their 
origin  and  source  region  characteristics 
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The  Dicker  Willem  complex  consists  mainly  of  calcio-carbonatite,  but  several  varieties  of  silicate-bearing 
rock  types  also  occur:  ijolites  and  syenites  occur  as  xenoliths  within  sovite;  fenites  are  developed  in  the 
surrounding  country  rock;  and  trachyte  forms  peripheral  dykes,  sills  and  plugs.  Many  sovites  are  also 
silicate-bearing,  and  while  a  profound  “silica  gap”  does  exist  between  carbonatite  and  ijolite  for  example, 
some  transitional  rocks  have  been  discovered  that  bridge  these  compositions,  which  we  have  termed 
nepheline  sovites  (Cooper  and  Reid,  1998a).  The  consanguinity  of  the  silicate  and  carbonatite  rocks  at 
Dicker  Willem  has  been  investigated  with  radiogenic  isotopes. 

Such  a  test  has  been  simplified  by  the  homogeneous  Sr,  Nd  and  Pb  isotope  composition  of  the 
carbonatites  (average  eSr  =  -17.3  ±  1.9,  eNd  =  2.14  ±  0.45,  Figs  1  and  2).  Dispersion  of  present  day  Pb 
isotope  ratios  in  the  sovites  and  some  ijolites  is  a  function  of  in  situ  decay  of  U  and  a  correction 
assuming  an  age  of  49  Ma  (Reid  et  al.,  1990)  causes  all  rock  types  (except  for  the  fenites)  to  assume  an 
average  206Pb/204Pb  =  21.0  ±  0.2.  Significantly  the  ijolites  and  the  transitional  nepheline  sovites  also  have 
similar  isotope  compositions  to  the  carbonatites,  suggesting  that  the  entire  spectrum  from  carbonate  to 
silicate  are  comagmatic.  It  is  therefore  possible  to  consider  genetic  models  involving  simple 
differentiation,  whereby  the  suite  can  be  derived  from  some  common  parent.  While  considerable  debate 
has  taken  place  concerning  the  generation  of  carbonatite  melts  by  liquid  immiscibility,  the  existence  of 
the  transitional  nepheline  sovites  at  Dicker  Willem  would  seem  to  argue  against  such  an  explanation. 
However,  recent  experimental  work  (Lee  and  Wyllie,  1996;  1997)  has  shown  that  even  at  moderate 
pressure,  the  two  liquid  field  in  carbonate-silicate  systems  is  reduced,  and  the  observed  field  relations 
at  Dicker  Willem  could  be  explained  by  the  original  existence  of  the  nepheline  sovite  magma  at  depth, 
a  component  of  which  crystallized  as  a  parent  body.  Degassing  could  give  rise  to  depressurization  and 
the  onset  of  immiscibility,  resulting  in  separate  carbonate  and  silicate  magmas,  the  latter  crystallizing  as 
the  parent  body  to  the  ijolite  suite,  the  latter  being  parental  to  the  sovites  and  alvikites  that  build  Dicker 
Willem. 

Trachytes,  syenite  and  especially  fenites  display  wide  variability  in  their  respective  isotopic  compositions, 
but  the  observed  patterns  can  be  explained  by  mixing  between  crustal  components,  representing  the 
affected  country  rock  (granite  gneisses  of  the  Namaqua  Province),  and  a  magmatic  component  equated 
with  a  metasomatic  fluid  derived  from  the  carbonatite  (Figs  1  and  2).  Syenites  are  arbitrarily 
distinguished  from  fenites  as  they  are  restricted  to  xenoliths  within  sovite,  while  the  latter  define  the 
contact  aureole.  Trachyte  is  interpreted  as  the  remobilized  products  of  high  grade  potassic  fenites  at 
depth  (Cooper  and  Reid,  1998b). 

The  radiogenic  isotope  signature  of  the  Dicker  Willem  carbonatite  provides  an  insight  into  the  underlying 
mantle,  and  comparison  is  made  between  patterns  derived  from  carbonatite,  kimberlite  and  other 
mantle-derived  magmas  that  traversed  the  Namibian  lithosphere  since  the  birth  of  the  African  plate  in 
the  Jurassic.  Focussing  initially  on  the  isotope  systematics  of  Dicker  Willem,  the  Nd-Sr  pattern  (Fig.  3) 
closely  resembles  that  already  established  for  young  carbonatites  (<  200  Ma)  worldwide  (Nelson  et  al., 
1988;  Bell  and  Blenkinsop,  1989),  plotting  in  the  depleted  quadrant,  slightly  below  the  oceanic  mantle 
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array.  The  radiogenic  Pb  isotope  signature  of  Dicker  Willem  is  typified  in  Fig.  4,  where  its  composition 
extends  the  field  obtained  by  Davies  et  al.,  (1991)  for  the  alkaline  rocks  of  southern  Namibia.  Thus 
Dicker  Willem  plots  at  the  most  Sr-depleted  end  of  the  Nd-Sr  array  and  the  most  enriched  end  of  the 
Pb  isotope  array.  Addition  of  data  from  other  alkaline  silicate  complexes  from  Namibia  and  South  Africa 
(Marsh,  J.S.,  unpublished  data)  confirm  the  spread  in  eSr ,  but  may  reflect  a  crustal  component,  as  some 
of  the  samples  are  highly  fractionated  phonolites  (eg.  Klinghardt  and  Rehoboth).  This  may  be  indicated 
by  the  high  207Pb/204Pb  values  observed  in  Fig.  4. 

A  more  lucid  comparison  of  isotopic  signatures  is  achieved  using  initial  Pb-Sr  and  Pb-Sr  ratio  plots  (Figs 
5  and  6),  where  the  Namibian  and  adjacent  South  African  alkaline  silicate  igneous  suites  are  compared 
with  mantle  reservoirs,  following  the  method  of  Milner  and  Le  Roex  (1996).  Much  of  the  data  plot 
between  the  inferred  composition  of  the  Tristan  plume  source  and  the  HIMU  reservoir,  the  latter 
interpreted  as  plume-hosted  recycled  subducted  oceanic  crust.  Samples  with  high  eSr  appear  to  represent 
crustal  contamination,  while  a  few  plot  between  Tristan  and  DMM  (or  MORB  reservoir).  Interestingly 
no  data  plot  in  the  vicinity  of  the  EM  1  reservoir,  interpreted  by  Milner  and  Le  Roex  (1996)  as  ancient 
continental  lithosphere,  an  important  source  for  some  of  the  lavas  in  the  Etendeka  flood  basalt  province 
in  north-west  Namibia.  While  it  is  not  intended  to  specifically  invoke  the  Tristan  plume  to  explain  the 
isotopic  signatures  of  alkaline  silicate  and  carbonatite  magmas  in  southern  Namibia  and  neighbouring 
South  Africa,  a  mixed  plume  source,  containing  Tristan-type  and  HIMU  mantle  material  would  be  a 
plausible  candidate.  Several  other  hotspot  traces  have  been  proposed  for  southern  Namibia,  including 
those  now  thought  to  be  responsible  for  the  Verna  and  Discovery  seamounts  in  the  South  Atlantic 
(Hartnady  and  Le  Roex,  1983;  Reid  et  al.,  1990;  Davies  et  al.,  1991).  For  magmas  with  compositions 
between  Tristan  and  DMM,  which  include  the  Gibeon  megacryst  suite  and  some  of  the  Namaqualand 
and  Cape  olivine  melilitites,  Davies  et  al.,  (1991)  propose  a  model  involving  melts  sourced  in  the 
subcontinental  astheno sphere  migrating  into  the  overlying  lithosphere,  prior  to  incorporation  into  their 
respective  parental  magmas. 
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Figure  1.  Plot  of  initial  Sr-Nd  ratios  of  the 
Dicker  Willem  carbonatite  complex,  compared 
with  country  rock  gneisses  (Namaqua  Province 
data  from  various  sources. 


Figure  2.  Plot  of  Pb  isotope  compositions  of 
the  Dicker  Willem  carbonatite  complex.  Field 
occupied  by  the  country  rocks  is  shown  for 
comparison  with  the  fenites  (Namaqua  data  from 
various  sources). 


Figure  3.  Plot  of  initial  Sr-Nd  ratios  of  the  Dicker 
Willem  complex,  compared  with  data  from  other  alkaline 
silicate  intrusive  suites  from  Namibia  and  South  Africa 
(<  80  Ma).  World  carbonatite  (<  200  Ma)  field  after  Bell 
and  Blenkinsop  (1989). 


Figure  4.  Plot  of  initial  Pb  isotope  ratios  of  the  various 
alkaline  silicate  and  carbonatite  suites  (<  80  Ma)  from 
southern  Namibia  and  neighbouring  South  Africa.  DW 
=  Dicker  Willem,  SW  =  Shwarzeberg  Nephelinites,  GG 
=  Gamoep/Garies  olivine  melilitites  of  Namaqualand, 
RH  =  Rehoboth  phonolites,  GK  =  Gibeon  Kimberlites, 
GM  =  Gibeon  Megacrysts;  Open  Squares  =  Klinghardt 
phonolites,  +  =  Cape  melilitites,  #  =  Blue  Hills  picrite. 
Shaded  fields  are  modem  oceanic  basalts  and  <  200  Ma 
world  carbonatites  from  Kwon  et  al.,  (1989). 


Figure  5.  Comparison  of  initial  Pb-Sr  ratios  with  those 
inferred  for  mantle  source  regions  under  Namibia,  after 
Milner  and  Le  Roex  (1996). 


Figure  6.  Comparison  of  initial  Pb-Nd  ratios  with 
inferred  mantle  source  regions  under  Namibia,  after 
Milner  and  Le  Roex  (1996). 
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Ultramafic  mantle  assemblages  from  Sytykanskaya  kimberlite  pipe  (Yakutia) 


Reimers,  L.F.,  Pokhilenko,  N.P.,  Yefimova,  E.S.,  Sobolev,  N.V. 

Institute  of  Mineralogy  and  Petrography,  Siberian  Branch  of  Russian  Academy  of  Sciences,  Novosibirsk,  630090, 
Russia 

Upper  Devonian  (344  Ma  old)  Sytykanskaya  pipe  (Davis  et  al.,  1980)  is  situated  in  the  Daldyn- 
Alakit  region  of  the  Yakutian  Diamondiferous  Province  among  Lower  Paleozoic  sedimentary 
deposits.  The  pipe  is  filled  in  with  four  or  five  varieties  of  eruptive  kimberlite  breccia.  The  wide¬ 
spread  postmagmatic  processes  resulted  in  considerable  alteration  of  the  primary  xenolith  material. 

A  collection  of  xenoliths  of  mantle  ultramafic  rocks  (260  specimens)  and  diamonds  with  inclusions 
(300  crystals)  was  under  study.  Among  the  xenoliths,  granular  varieties  of  garnet  and  garnet-spinel 
peridotites  play  a  leading  role,  amounting  about  70%;  sheared  peridotites  are  quite  rare.  Xenoliths  of 
ilmenite-gamet  peridotites  with  signs  of  metasomatism  and  shearing  are  sufficiently  widespread 
(-15%).  The  diamonds  from  the  Sytykanskaya  Pipe  are  genetically  related  chiefly  to  the  ultramafic 
paragenesis. 

Olivine  from  the  peridotite  xenoliths  is  represented  by  magnesian  varieties  (mg  =  88.7-92.2).  An 
admixture  of  Cr203  reaches  up  to  0.09wt.%,  CaO  ranges  from  0.01  to  0.35  wt.%.  Compositionally, 
the  olivines  from  diamonds  are  similar  to  the  varieties  described  earlier  (Meyer,  1987).  These  are 
forsterites  (mg  varies  from  88.9  to  94.0)  with  an  insignificant  admixture  of  CaO  (0.02  wt.%  on  the 
average)  and  with  a  persistent  admixture  of  Cr203  (0.01-0.08  wt.%). 

Enstatites,  included  in  diamonds,  are  also  similar  to  the  majority  of  inclusions  (A1203  -  0.21-0.43; 
Cr203  -  0.20-0.34  wt.%);  in  peridotites  they  are  completely  altered. 

Clinopyroxenes  of  xenoliths  are  typical  chrome  diopsides.  Their  mg  ranges  between  87.8-95.0. 
Chrome  diopsides  from  diamonds  have  mg  from  89.4  to  93.9.  The  grains  of  cubcalcic  relatively  high- 
temperature  clinopyroxenes  (100Ca/(Ca+Mg)  ratios  equal  37.6  and  40.2)  are  characterized  by  the 
lower  mg  (89.7  and  89.4  respectively).  The  peridotite  clinopyroxenes  are  significantly  enriched  in 
sodium  (0.73-6.38  wt.%  Na20,  averaging  3.00  wt.%)  and  Cr  (0.48-6.00  wt.%  Cr203,  averaging  2.70 
wt.%).  A  persistent  admixture  of  K20  in  the  clinopyroxenes  from  xenoliths  and  from  diamonds  does 
not  exceed  0.07  wt.%  and  reaches  0.27  wt.%,  respectively. 

In  the  composition  of  Cr-spinels  from  the  ultramafic  xenoliths  the  maximum  variations  are  observed 
in  Cr203  and  A1203  relations  at  a  low  permanent  Ti02  admixture.  An  increase  in  Ti02  (up  to  3.91 
wt.%)  along  with  elevated  Fe3+  leads  to  increasing  of  ulvospinel  and  magnetite  proportion.  The 
diamond  related  Cr-spinels  are  compositionally  similar  to  worldwide  diamond  inclusions  (Meyer, 
1987). 

Picroilmenites  from  peridotite  xenoliths  contain  MgO  from  7.29  to  15.8,  A1203  -  from  0.06  up  to 
0.99,  and  Cr203  from  0.38  to  7.10  wt.%.  On  the  whole,  the  ilmenites  from  the  Sytykanskaya  pipe 
xenoliths  are  somewhat  richer  in  Cr  as  compared  with  a  number  of  other  bodies  in  the  Daldyn-Alakit 
region. 

The  absolute  majority  of  the  studied  peridotite  xenoliths  contains  garnets  with  the  Ca-content, 
typical  of  lherzolite  paragenesis  (Sobolev  et.  al,  1973).  In  general,  the  content  of  Cr203  in  garnets 
from  granular  peridotites  ranges  from  0.33  to  12.3  wt.%.  mg  of  garnets  varies  within  73.8-89.9.  It 
decreases  down  to  72.0  for  the  ilmenite-bearing  peridotites.  The  average  content  of  Ti02  is  0.27 
wt.%  with  variations  from  0.01  to  2.07  wt.%  (in  the  ilmenite-containing  xenoliths  the  average  is  0.56 
wt.%  with  variations  from  0.10  to  1.35  wt.%).  For  peridotite  garnets  a  stable  isomorphic  Na20 
admixture  (up  to  0.17  wt.%,  averaging  0.06  wt.%)  is  determined  (Sobolev,  Lavrent’ev,  1971)  which 
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is  directly  correlated  with  the  contents  of  Ca,  Ti  and  Fe.  Signs  of  metasomatism  and  heterogeneities 
in  the  composition  of  the  mineral  phases  caused  by  solid-state  reactions  in  the  course  of 
thermodynamic  evolution  of  the  mantle  substrate  are  observed  in  a  considerable  (about  15%)  number 
of  peridotite  xenoliths  from  Sytykanskaya  pipe.  The  heterogeneities  recognized  there  are  as  follows: 
a)  zoning  of  large  (up  to  8  mm)  grains  of  garnet  in  the  ilmenite-gamet  peridotite  xenoliths  with 
traces  of  melting  and  deformations,  with  Ca  and  Cr  depletion  and  mg  decrease  along  with  the 
increase  of  the  Ti-content  towards  the  rim;  b)  zoning  of  garnets  in  the  sheared  garnet  lherzolite 
xenoliths,  with  the  grain  periphery  enriched  in  Ca,  Ti,  Fe,  Na,  and  some  incompatible  elements  (Zr, 
Y,  Ga)  and  depleted  in  Cr  and  Sr;  c)  significant  variations  in  grain  compositions  of  the  same  mineral, 
e.g.  garnet,  homogeneous  inside  a  grain,  in  separate  sites  of  the  xenolith,  up  to  the  change  of 
paragenesis  in  one  specimen  (Fig.). 


Fig.  Cr203  vs  CaO  diagram  for  chrome  pyropes  from  Sytykanskaya  pipe.  Diamonds  -  diamond  inclusions; 
unequilibrated  and  zoned  pyrope  grains  from  xenoliths  of  granular  (samples  S-29/84,  S-67/84,  S-43/84)  and  ilmenite- 
bearing  peridotites  (samples  S-36/84,  S -49/84)  with  signs  of  shearing  are  shown  by  other  symbols.  The  core-rim 
direction  is  marked  by  arrows. 

A  typical  feature  of  the  garnets  of  dunite-harzburgite  paragenesis  from  the  Sytykanskaya  pipe 
diamonds  is  their  rather  stable  very  low  content  of  Ca  (CaO  is  1.78  wt.%  on  the  average)  and 
significant  variations  in  Cr  content  (Cr203  is  5.19-11.6  wt.%),  which  resembles  Finsch  pipe  diamond 
inclusions  (Gurney  et  al.,  1979).  The  chrome  pyropes  from  diamonds  contain  very  low  sodium:  0.01- 
0.05  wt.%  Na20.  Two  available  inclusions  of  lherzolitic  garnets  are  characterized  by  elevated  Ti02 
content  (0.90  and  1.11  wt.%)  and  lower  mg  (84.6  and  82.6  respectively)  as  compared  to  the 
depleted  harzburgite  dunite  compositions.  In  chemistry,  these  grains  are  similar  to  the  garnet  from 
diamondiferous  sheared  ilmenite-gamet  lherzolite  (Pokhilenko  et  al.,  1976),  interpreted  as  a  fragment 
of  weakly  depleted  «hot»  mantle. 
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The  results  of  the  investigation  of  diamond  inclusions  show  that  the  parental  rocks  for  the  absolute 
majority  of  diamonds  of  Sytykanskaya  pipe  are  extremely  depleted  harzburgite-dunites. 

Comparative  analysis  of  rock-forming  mineral  compositions  evidences  for  significant 
inhomogeneities  (see  Fig.)  possibly  related  to  the  instability  of  PT-parameters  and  environmental 
chemistry  due  to  metasomatism  processes.  The  mantle  shearing  leading  to  the  rock  deformation  and 
recrystallization  was  favourable  for  depth  high-temperature  metasomatism,  assisting  penetration  of 
fluids.  This  is  confirmed  by  the  signs  of  significant  plastic  deformations,  shearing  and  partial  melting 
in  the  rocks,  containing  nonequilibrium  mineral  assemblages.  The  most  probable  mechanism  of  the 
formation  of  the  these  assemblages  seems  to  be  a  mechanical  mixing  of  the  matter  from  separate 
interlayers  in  local  zones  of  mantle  fracturing.  The  formation  of  contaminated  rocks,  «polymict 
peridotites»  according  to  Lawless  et  al.  (1979)  or  the  ’’mantle  melanites”  (Laz’ko,  Serenko,  1991)  is 
a  result  of  shearing  stresses  along  with  a  mixing  of  partially  melted  peridotite  substrate.  Combined 
with  shearing  and  partial  melting  of  matter,  the  processes  of  mantle  metasomatism  seemed  to 
immediately  preceded  the  formation  of  kimberlite  melts  and  transportation  of  nonequilibrium 
assemblages  to  the  Earth’s  surface,  where  they  remained  in  the  metastable  state. 

Thus,  Sytykanskaya  pipe  is  characterized  by  a  high-grade  primary  differentiation,  vertical 
heterogeneity  of  the  Upper  Mantle  and  high  intensity  of  the  mantle  metasomatic  processes. 
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CAN  THE  BLASTING  EXCAVATION  ENGINEERING  SCIENCES 
PROVIDE  INSIGHT  INTO  THE  PROCESSES  OF  KIMBERLITE 
EMPLACEMENT  AND  ERUPTION? 


Rice,  A.1 

1.  Depts  of  Physics  and  Geology,  Rhodes  University,  Grahamstown,  6140,  South  Africa 

Well-known  engineering  and  applied  physics  relationships  pertaining  to  explosive  excavation 
(to  estimate,  for  instance,  dispersion  and  grading  of  ejecta,  cratering  configurations,  etc)  give 
indication  they  may  be  useful  in  describing  kimberlite  emplacement  and  eruption.  This 
engineering  technology  has  been  established  for  some  time  (e.g.,  Hino,  1959).  All  underground 
“chimneys”  (a  vertically  oriented  cylinder  of  rubble  in  the  earth)  formed  by  blasting  display  a 
preference  for  the  82°  angle  from  the  horizontal  to  diatreme  wall  that  characterizes  kimberlite 
pipes.  If  it  is  assumed  that  the  kimberlitic  forming  material  “parked”  in  the  upper  crust  and  then 
exploded  there  to  breach  the  surface,  then  one  may  appeal  to  a  variety  of  relationships  to  estimate 
burden  (or  DOB  -  depth  of  burden)  overlying  the  explosive  charge  and  the  charge  dimensions 
themselves.  Estimates  may  also  be  made  of  crater  radius,  volume,  or  depth.  Conditions 
conducive  to  full  cratering  or  complete  containment  (little  surface  expression  of  blast  at  depth) 
or  whether  the  material  will  be  fully  or  partially  broken  out  can  also  be  inferred.  All  these 
relationships  show  consistency  amongst  each  other  and  with  kimberlite  field  observations.  If 
kimberlitic  material  does  “park”  initially  a  kilometre  or  so  beneath  the  earth’s  surface  before 
exploding,  then  various  means  are  available  to  estimate  blast  energy  and  pressures:  e.g.,  possibly 
reaching  approximately  1018  joules  and  100  kbars,  respectively. 

Acknowledgements:  the  inputs  of  Drs  J.  Gurney,  Dept.  Of  Geological  Sciences,  University  of 
Cape  Town;  E.W.M.  Skinner,  Dept.  Of  Geology,  Rhodes  University  and  J.  Brown,  Camborne 
School  of  Mines,  U.K.,  are  deeply  appreciated. 
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Age  and  Origin  of  Eclogitic  Diamonds  from  the  Jwaneng  Kimberlite,  Botswana 

Richardson,  S.H.‘,  Chinn,  I.L.1,  and  Harris,  J.W.2 
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The  240  Ma  old  Jwaneng  DK2  kimberlite  in  southern  Botswana,  probably  the  most  profitable 
diamond  mine  m  the  world,  is  otherwise  notable  in  several  respects.  First,  the  kimberlite  carries  two 
generations  of  kimberlitic  zircon,  one  equivalent  to  the  age  of  emplacement  and  the  other  Archaean 
(Kinny  et  al,  1989).  Second,  a  significant  proportion  of  the  diamonds  are  poly  crystalline  aggregates 
(Kirkley  et  al,  1994)  as  well  as  cubic  or  fibrous  forms  with  micro  inclusions  representing  mantle 
fluids  (Schrauder  et  al,  1996).  Third,  the  majority  of  macro  inclusion  bearing  diamonds  are  eclogitic 
(Gurney  et  al,  1995)  with  a  wide  513C  range  from  -4  to  -19  %o  and  significantly  aggregated  nitrogen 
(Demes  et  al,  1997). 

Previous  work  on  dating  eclogitic  diamonds  from  Jwaneng  has  involved  the  40Ar-39Ar  laser 
probe  method  applied  to  clmopyroxene  mclusions  (Burgess  et  al,  1992).  Minimum  individual  ages 
for  a  set  of  six  cleaved  diamonds  range  from  230  ±  40  Ma  to  420  ±  90  Ma,  with  a  minimum  overall 
age  of  240  Ma,  equivalent  to  that  of  kimberlite  emplacement.  Conversely,  the  maximum  individual 
age  recorded  is  1890  ±  450  Ma  (2g  errors;  total  age  data  m  Table  1  of  Burgess  et  al,  1992).  While 
these  diamonds  are  clearly  xenocrysts  in  the  host  kimberlite,  partial  retention  of  radiogenic  argon 
diffusing  to  the  m elusion- diamond  interface  during  mantle  storage  results  m  an  apparent  spread  of 
ages  convergmg  on  that  of  kimberlite  emplacement  (Burgess  et  al,  1992).  Here  we  report  Sm-Nd 
and  Rb-Sr  isotope  data  for  a  more  extensive  suite  of  eclogitic  garnet  and  clmopyroxene  inclusion 
bearmg  diamonds  from  Jwaneng  with  a  view  to  constraining  their  age  and  origin. 

Orange  garnet  and  bluish-green  clmopyroxene  mclusions  were  extracted  from  separate  sets 
of  one  hundred  monomineralic  inclusion  bearing  diamonds  selected  from  the  -6+5  diamond  sieve 
fraction  (1.8-2. 2  mm  diameter)  of  mine  production.  Rare  bimmeralic  inclusion  pairs  revealed  by 
breaking  were  set  aside  for  temperature  determination.  In  addition,  one  large  clmopyroxene 
mclusion  was  extracted  from  a  2  carat  stone.  The  garnet  inclusions  are  on  average  twice  as  large 
as  their  clmopyroxene  counterparts.  The  major  element  composition  of  a  tmy  fragment  of  garnet 
and  clmopyroxene  was  determmed  by  electron  microprobe,  leavmg  the  bulk  for  isotope  analysis. 

The  garnets  are  pyrope  aim  an  dm  es  with  a  range  in  Mg  content  and  a  strong  clustering  around 
py34al40gr26  (Fig  1)  consistent  with  the  data  set  in  Demes  et  al  (1997).  The  clinopyroxenes  are 
omphacites  with  a  more  restricted  range  m  Mg  content  and  a  clustering  around  wo43en42fsl5. 
Garnets  and  clinopyroxenes  with  higher  Mg  contents  are  generally  paler  m  colour.  Compositional 
data  for  the  garnet  and  clmopyroxene  pairs  mentioned  above  are  reported  m  Table  1  and  illustrated 
m  Fig  2.  Equilibration  temperatures  derived  from  the  Ellis  &  Green  (1979)  thermometer  at  50  kbar 
cluster  m  the  range  1 100-1 160°C,  again  consistent  with  those  reported  in  Deines  et  al  (1997). 

Garnets  (n=47)  and  clinopyroxenes  (n=49)  with  compositions  lying  in  the  clusters  in  Fig.  1 
were  grouped  mto  composites  (2.3  and  1.2  mg  respectively)  to  obtain  sufficient  material  for  isotope 
analysis.  Large  clmopyroxene  J201  (Fig  2)  was  analysed  as  a  single  inclusion  (1.1  mg).  The  garnet 
and  clmopyroxene  composites  define  a  two-pomt  Sm-Nd  isochron  age  of  1540  Ma  with  a  nominal 
error  of  ±  20  Ma  based  on  in-run  precision  (2oraean)  and  an  initial  ratio  (eNd  =  +1.0)  indicative  of 
a  mildly  trace-element  depleted  precursor.  This  compares  with  a  Nd  model  age  of  1560  Ma  for  the 
garnet  composite  alone.  Pairing  of  the  garnet  composite  with  the  single  clmopyroxene  inclusion 
gives  a  significantly  younger  age  (1320  Ma)  but  unreasonably  high  initial  ratio  (sNd  =  +10.2). 
Overall,  the  data  overlap  those  for  equivalent  diamonds  from  the  120  Ma  old  Finsch  kimberlite  m 
the  northern  Cape  which  gave  a  Sm-Nd  isochron  age  of  1580  ±  50  Ma  and  initial  ratio  (sNd  =  +6.7) 
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indicative  of  a  significantly  depleted  source  (Richardson  et  al,  1990).  However,  Sm-Nd  isochron 
age  interpretation  and  error  assessment  are  complicated  by  potential  initial  ratio  variations  between 
samples.  In  particular,  the  Jwaneng  samples  have  different  Sr  isotope  ratios,  with  a  range  similar 
to  that  for  their  Finsch  counterparts  (Richardson  et  al,  1990;  Smith  et  al,  1991)  Measured  mclusion 
87Sr/86Sr  ratios  are  comparable  to  initial  ratios  at  the  time  of  encapsulation  by  diamond  because  of 
low  intrinsic  Rb  contents  and  relatively  small  age  corrections.  The  Jwaneng  garnet  composite, 
which  has  the  lowest  Sr  concentration  (3.4  ppm),  has  the  most  radiogenic  Sr  isotope  composition 
(0.71 17)  while  the  clinopyroxene  composite  with  the  highest  Sr  concentration  (225  ppm)  is  the  least 
radiogenic  (0.7042).  Values  for  the  smgle  clinopyroxene  inclusion  (171  ppm;  0.7050)  indicate  that 
the  composites  may  be  averaging  a  significant  spread  of  initial  ratios.  Furthermore,  mixing  of 
depleted  (low  Rb/Sr,  high  Sm/Nd)  and  enriched  (high  Rb/Sr,  low  Sm/Nd)  precursor  components  is 
suggested  by  this  spread.  Fortunately,  radiogenic  Sr  is  generally  correlated  with  unradiogenic  Nd 
m  enriched  continental  mantle  components,  such  that  the  relative  spread  in  initial  Nd  isotope  ratios 
of  individual  mclusions  comprising  the  composites  may  be  far  smaller  than  that  for  Sr  isotopes. 
Clearly,  further  work  on  the  largest  available  non-touching  garnet  and  clinopyroxene  mclusion  pairs 
from  individual  diamonds  is  warranted  to  demonstrate  isotope  equilibrium  or  otherwise  on  a  smgle 
diamond  scale,  characterise  initial  ratio  variation  between  diamonds  and  elucidate  overall  isochron 
relationships. 

Nevertheless,  the  similarity  m  age  and  geochemical  character  of  eclogitic  diamond 
crystallization  at  Jwaneng  and  Finsch  is  striking  and  suggests  a  regional  eclogitic  diamond  formation 
event  on  the  west  side  of  the  Kaapvaal  craton  in  the  middle  Proterozoic.  At  both  localities,  there 
is  substantial  evidence  that  eclogitic  diamond  formation  involved  both  depleted  and  enriched 
components.  This  supports  an  ongm  related  to  mteraction  of  subducted  Proterozoic  lithosphere 
derived  melts  with  Archaean  cratomc  lithosphere. 
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Fig.  1 .  Composition  of  garnet  (n  =  96)  and  clinopyroxene  (n  =  22)  inclusions  from  Jwaneng. 


Ca 


Mg  Fe 

Fig.  2.  Composition  of  coexisting  garnet  and  clinopyroxene  inclusions  from  Jwaneng.  The  open 
symbol  represents  clinopyroxene  J201  analysed  separately  for  isotopic  composition. 


Table  1  Representative  analyses  of  coexisting  garnet  and  clinopyroxene  inclusions. 


J011 

J01 

2 

J033 

J053 

J068 

J076 

gt 

cpx 

gt 

cpx 

gt 

cpx 

gt 

cpx 

gt 

cpx 

gt 

cpx 

S1O2 

39.66 

55.33 

40.24 

55.36 

39.85 

53.90 

39.68 

54.10 

39.48 

55.00 

41.06 

53.58 

Ti02 

0.40 

0.41 

0.27 

0.56 

0.44 

0.52 

0.72 

0.79 

0.57 

0.64 

0.42 

0.20 

Al203 

22.14 

9.75 

23.03 

8.73 

22.43 

9.39 

21.05 

7.83 

21.46 

9.52 

21.08 

4.10 

Cr203 

0.05 

0.07 

0.06 

0.06 

0.05 

0.06 

0.07 

0.08 

0.04 

0.06 

0.24 

0. 14 

FeO 

17.86 

5.51 

15.64 

4.98 

19.71 

5.98 

18.43 

5.44 

20.42 

6.46 

15.85 

7.75 

MnO 

0.41 

0.08 

0.36 

0.09 

0.37 

0.07 

0.34 

0.03 

0.42 

0.08 

0.33 

0.12 

MgO 

11.08 

9.99 

14.38 

1 1.28 

8.72 

9.21 

11.14 

10.24 

9.22 

9.24 

14.76 

14.65 

CaO 

7.47 

14.30 

5.34 

13.51 

8.85 

13.78 

7.76 

14.52 

8.37 

13.70 

5.23 

15.64 

Na20 

0.17 

5.23 

0.13 

5.17 

0.17 

5.74 

0.26 

4.82 

0.20 

5.37 

0.12 

2.39 

k2o 

n.a. 

0.10 

n.a. 

0.08 

n.a. 

0.07 

n.a. 

0.34 

n.a. 

0.14 

n.a. 

0.19 

Total 

99.24 

100.77 

99.45 

99.82 

100.59 

98.72 

99.45 

98.19 

100.18 

100.21 

99.09 

98.76 

# 

mg* 

53 

76 

62 

80 

44 

73 

52 

77 

45 

72 

62 

77 
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Colour,  Morphological  and  Surface  Textural  Characteristics  of  the 
Diamonds  in  Venetia  Kimberlites 
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Introduction 

The  Venetia  kimberlite  cluster  consists  of  nine  pipe  and  pipe-like  bodies  and  two  sets  of  dykes.  A 
mine  on  the  largest  pipe  was  opened  in  1992.  The  two  largest  pipes  in  the  cluster,  K1  and  K2,  are 
currently  being  exploited  and  annual  production  exceeds  four  million  carats  at  an  average  recovery 
grade  of  close  to  130  cpht. 

Geological  investigations  produced  diamond  samples  of  a  few  to  a  few  hundred  carats  from  specific 
kimberlite  bodies  and  discrete  intrusions  within  some  bodies.  The  larger  of  these  samples  have 
been  studied  in  terms  of  the  colour,  morphological  and  surface  textural  features  of  individual 
diamonds  and  generalised  observations  are  reported  here.  The  largest  sample,  of  550  carats, 
represents  tuffisitic  kimberlite  breccia  (TKB)  in  Kl.  Hypabyssal  kimberlite  in  the  east  of  Kl,  and 
the  K2  pipe  (consisting  of  TKB  and  hypabyssal  kimberlite  in  similar  proportions),  and  also 
represented  by  fairly  substantial  samples  while  much  smaller  samples  (approximately  10  carats 
each)  were  examined  from  the  K3,  K4  Central  (both  mostly  transitional  between  TKB  and 
hypabyssal  kimberlite)  and  K6  bodies.  The  ensuing  discussion  therefore  concentrates  on  the  Kl 
(TKB),  Kl  (Hypabyssal)  and  K2  (mixed  TKB/hypabyssal)  samples. 

Most  of  the  diamond  features  considered  here  are  illustrated  in  Robinson  et  al.  (1989). 

Observations 

Observations  of  interest  are  summarised,  for  diamonds  in  the  minus  6  plus  5  (diamond  sieve)  size 
class  (i.e.  mostly  between  0,05  and  0,08  carat  in  size),  in  the  accompanying  table. 

The  proportion  of  brown  diamonds  varies  considerably  between  samples.  Thus,  only  1 5  per  cent  of 
the  K2  diamonds  are  brown,  the  proportion  is  nearly  three  times  as  great  in  the  Kl  Hypabyssal 
sample  and  the  small  K4  Central  and  K6  samples  consist  mainly  of  brown  stones.  While  green 
staining  is  very  common  in  some  of  the  samples,  this  probably  only  accounts  for  a  small  part  of  the 
differences  noted  for  brown  stones.  This  is  because  the  staining  is  generally  too  light  to  mask 
anything  but  the  lightest  brown  colour  while  the  incidence  of  brown  colour  correlates,  anyway,  with 
that  of  lamination  lines  (ascribed  to  plastic  deformation  which  is  considered  responsible  for  much  of 
the  brown  colour  in  diamond). 

The  “rounded  dodecahedral”  crystal  form  dominates  in  all  of  the  samples.  The  octahedron  is  also 
common,  to  a  similar  degree,  in  most  of  the  samples,  while  the  cube  is  rare  (excepting  as  a 
subordinate  form). 

Some  25  to  30  per  cent  of  crystals  are  macles  in  most  of  the  samples  except  K2  in  which  they,  and 
aggregates,  are  relatively  scarce. 
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Pseudohemimorphism  is  a  particularly  common  crystal  peculiarity  of  most  of  the  samples.  The 
resulting  “ice-cream  cone”  crystals  (in  which  an  octahedral  portion  resembles  the  biscuit  cone  and  a 
“rounded  dodecahedral”  portion  resembles  the  scoop  of  ice-cream)  are  considered  to  represent 
original  octahedra  that  protruded  from  protective  xenoliths  during  the  resorption  responsible  for 
developing  the  “rounded  dodecahedral”  form. 

Both  the  discrete  and  finely  spaced  varieties  of  lamination  lines  are  common  dodecahedral  surface 
features,  particularly  on  the  brown  diamonds  in  the  samples.  Corrosion  sculpturing  is  particularly 
common  only  in  one  of  the  small  samples  (K4  Central). 


The  Percentages  (except  for  N)  of  Diamonds  Exhibiting  Particular  Features 


K1 

TKB 

K1 

Hyp 

K2 

T  +  H 

K3 

Trans 

K4C 

Trans 

K6 

N 

356 

90 

165 

16 

20 

16 

Colour: 

Green  Stained 

34 

26 

55 

25 

5 

13 

Brown 

30 

44 

15 

25 

95 

88 

Main  Form: 

Octahedron 

30 

32 

26 

13 

25 

25 

“Rounded  Dodec.” 

70 

68 

73 

75 

75 

75 

Cube 

Tr 

0 

1 

0 

0 

0 

Subordinate  Form: 

Octahedron 

17 

27 

14 

19 

15 

19 

Cube 

19 

28 

32 

31 

35 

6 

(Breakage) 

26 

39 

13 

25 

20 

13 

Twinning: 

Made 

26 

31 

10  ; 

25 

15 

31 

Aggregate 

3 

6 

1 

13 

10 

13 

Crystal  Peculiarities: 

Pseudohemimorphism 

18 

10 

13 

6 

0 

19 

Dodec.  Surface  Textures: 

Terracing 

10 

22 

18 

19 

5 

0 

Discrete  Lamination  Lines 

19 

11 

10 

13 

15 

25 

Fine  Lamination  Lines 

38 

39 

17 

19 

85 

38 

Microdisk  Pattern 

4 

3 

1 

0 

0 

0 

Corrosion  Sculpture 

13 

2 

5 

0 

35 

6 

Discussion 

The  dominance  of  the  octahedral  diamond  growth  form  over  the  cube  in  all  of  the  samples  is 
compatible  with  all  of  the  diamond  populations  coming  from  the  same  mantle  source  region.  This 
might  not  apply  entirely  in  the  K2  case,  however,  in  view  of  its  relatively  low  contents  of  macles 
and  aggregates.  Considering  that  the  plastic  deformation  of  diamonds  probably  occurs  in  the  upper 
mantle  conduits  of  kimberlite  magmas  (cf.  Robinson  et  al.,  1989),  separate  emplacement  events, 
from  the  upper  mantle,  are  suggested  for  the  kimberlites  hosting  each  diamond  sample. 
Alternatively,  the  same  variations  in  the  proportions  of  brown  colour  and  plastic  deformation 
features  could  be  achieved  by  a  single  surge  of  kimberlite  magma  in  which,  however,  the  proportion 
of  deformed  mantle  material  fluctuates.  The  similar,  octahedron/“rounded  dodecahedron” 
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relationships  (indicating  similar  degrees  of  resorption)  and  similar  and  unusually  high  incidences  of 
pseudohemimorphic  crystals  in  most  of  the  samples,  both  suggest  uniformity  during  kimberlite 
magma  emplacement,  thereby  favouring  the  second  alternative. 

The  incidence  of  corrosion  sculpturing  seems  not  to  reflect  diatreme  root  zone  conditions  as  well  as 
observed  previously  by  Robinson  et  al.  (op.  cit.). 
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The  Mir  kimberlite  of  Siberia  contains  a  diverse  suite  of  mantle-derived  xenoliths  including 
coarse  and  sheared  garnet  lherzolites,  eclogites,  ilmenite-gamet  wehrlites  and  a  heterogeneous 
group  of  garnet  pyroxenites.  We  have  focussed  on  the  mineral  chemistry  of  a  suite  of  lherzolites, 
wehrlites  and  pyroxenites  (Table  1).  All  these  rocks  contain  garnet  with  CaO  contents  indicative 
of  saturation  with  diopside  and  are  relatively  Mg-rich  with  the  exception  of  the  wehrlites.  The 
latter  rocks  contain  relatively  Fa-rich  olivine  (Fo84^5)  in  contrast  to  the  coarse  and  sheared 
lherzolites  which  contain  Fo-rich  olivines:  Fo91_93  and  Fo^.^  respectively.  Only  one  garnet 
pyroxenite  in  the  sample  suite  contains  olivine,  Fo94,  but  most  other  pyroxenites  contain  Mg-rich 
pyroxenes  (diopside  Mg  #  89-96)  and  thus  these  rocks  are  mineralogically  distinct  from  eclogites 
and  similar  to  the  coarse  garnet  lherzolites.  The  pyroxenites  are  typically  coarse-grained  and  have 
relatively  unstrained  minerals.  Most  of  these  pyroxenites  equilibrated  within  a  pressure  and 
temperature  range  (21-39  kb  and  700-90Q°C,  after  Brey  and  Kohler,  1990;  Ellis  and  Green,  1979) 
similar  to  that  estimated  for  the  the  coarse  garnet  lherzolites  (29-42  kb,  700-900°C)  at  Mir,  as 
well  as  the  coarse  garnet  peridotites  from  another  Siberian  kimberlite,  Udachnaya  (Boyd  et  al., 
1997).  In  contrast,  the  deformed  or  sheared  garnet  lherzolites  equilibrated  at  much  higher 
pressures  and  temperatures  (56-62  kb  and  1 170-1250°C).  A  similar  dichotomy  in  equilibration 
conditions  and  texture  exists  for  lherzolites  from  Udachnaya.  Sheared  ilmenite-gamet  wehrlites 
from  Mir  also  equilibrated  at  relatively  high  temperatures  (>1 150°C  based  on  garnet  - 
clinopyroxene  equilibria)  and  although  the  mineral  assemblage  is  not  sensitive  to  pressure,  we 
infer  that  these  deformed,  high  temperature  wehrlites  are  probably  derived  from  the  same  depths 
as  the  sheared  lherzolites  based  on  similar  textures  as  well  as  the  high  calculated  equilibration 
temperatures. 

Nd  isotopic  data  confirm  the  thermobarometric  calculations:  high  temperature  lherzolites 
have  diopside  and  garnet  which  were  in  approximate  isotopic  equilibrium  at  the  time  of  eruption 
whereas  low  temperature  lherzolites  and  pyroxenites  contain  garnet  and  diopside  which  were  not 
in  equilibrium  at  the  time  of  eruption. 

The  garnet  pyroxenites  are  a  particularly  diverse  group  lithologically  and  include 
orthopyroxenites,  websterites  and  clinopyroxenites.  At  least  one  pyroxenite  contains  garnet  with 
exsolved  diopside  and  in  this  sense  is  similar  to  the  ultradeep  inclusions  (Haggerty  and  Sautter, 
1990).  However  the  garnet  also  contains  exsolved  rutile  which  appears  to  balance  the  excess  Si 
contained  in  the  exsolved  diopside  and  no  original  majorite  component  in  the  garnet  is  required 
(Roden  et  al.,  ms.) .  Moreover,  isotopic  disequilibrium  between  garnet  and  diopside,  and 
thermobarometric  calculations  all  suggest  that  this  inclusion  originated  from  within  the  lithosphere 
and  no  previous  high  pressure  history  is  required.  As  a  group  the  pyroxenites  probably  represent 
reequilibrated  cumulates  from  intrusive  magmas  into  the  lithsophere. 

The  ilmenite-gamet  wehrlites  are  a  particularly  fascinating  lithology  because  their  sheared 
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textures  and  high  temperatures  of  equilibration  suggest  an  origin  from  the  same  source  region  as 
the  sheared  lherzolites.  The  ilmenite  is  MgO-rich  (Table  1)  and  has  a  peculiar  texture 
characterized  by  elongate  grains  which  occupy  interstices  between  silicate  grains  as  if  the  ilmenite 
records  the  texture  of  a  melt  with  very  low  surface  tension.  Garnets  are  relatively  Ti-rich  and  Cr 
and  Mn  are  zoned  in  the  two  examples  we  studied  (Table  1).  Tentatively  we  attribute  the  origin 
of  these  rocks  to  intrusion  and  metasomatism  of  continental  lithosphere  by  an  Fe-rich,  Si-poor 
melt. 


Table  1.  Mineral  Compositions 


Sample_ A239  -  Coarse  Gt  Lherz_ TM-184  -  Sheared  Gt  Lherz 


Mineral 

oliv 

gt 

cpx 

opx 

oliv 

gt 

cpx 

opx 

Si02 

41.06 

42.11 

55.05 

58.13 

40.52 

41.88 

55.33 

57.34 

Ti02 

— 

0.05 

0.05 

0.03 

— 

0.86 

0.45 

0.21 

A1A 

— 

22.51 

2.42 

0.48 

— 

20.16 

2.62 

0.74 

Cr203 

— 

1.56 

1.21 

0.12 

— 

2.93 

0.87 

0.20 

CaO 

nd 

4.45 

21.45 

0.18 

0.06 

4.59 

16.41 

0.78 

MgO 

50.99 

20.18 

16.11 

36.21 

48.77 

20.42 

17.41 

34.08 

FeO 

7.87 

8.83 

1.90 

5.00 

10.13 

8.23 

4.10 

6.09 

MnO 

0.09 

0.28 

nd 

0.07 

0.09 

0.15 

0.06 

0.12 

NiO 

0.32 

— 

— 

— 

0.25 

— 

— 

— 

Na20 

— 

nd 

1.84 

0.03 

— 

nd 

2.41 

0.24 

Total 

100.33 

99.97 

100.03 

100.25 

99.86 

99.22 

99.66 

99.80 

Sample 

TM-71 

-  Sheared  Ilmenite-Gamet  Wehrlite 

Mineral 

oliv 

gt 

core 

gt 

rim 

cpx 

ilm 

Si02 

41.05 

41.15 

41.38 

54.73 

nd 

Ti02 

— 

0.95 

0.95 

0.38 

49.94 

A1A 

... 

19.29 

20.05 

2.41 

0.64 

Cr203 

— 

2.77 

1.59 

0.57 

0.86 

CaO 

0.05 

4.66 

4.65 

16.61 

nd 

MgO 

45.14 

18.41 

18.49 

17.24 

9.71 

FeO 

14.49 

11.99 

11.88 

5.69 

40.74 

MnO 

0.17 

0.17 

0.28 

0.09 

0.15 

NiO 

0.13 

— 

— 

— 

0.08 

Na20 

... 

nd 

nd 

2.30 

— 

Total 

99.90 

99.39 

99.27 

100.02 

101.13 
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Venetia  megacrysts,  Northern  Province,  South  Africa 

Rodionov,  A.S.  Viljoen,  K.S. 

Anglo  American  Research  Laboratories  (PTY)  Ltd,  P.O.  Box  106,  Crown  Mines,  2025,  South  Africa 


Only  discrete  garnet  nodules  were  found  as  megacrysts  in  the  Venetia  kimberlites  so  far1  A  collec¬ 
tion  of  129  garnet  nodules  was  collected  by  one  of  the  authors  (KSV)  from  tailings  at  the  Venetia 
mine. 

The  megacrysts  vary  in  size  from  1  to  3  cm.  About  25%  of  the  grains  contain  altered  silicate  inclu¬ 
sions,  8  %  -  clinopyroxene  inclusions,  7.5  %  -  ilmenite  inclusions  and  about  5%  -  both  ilmenite  and 
clinopyroxene. 

Microprobe  analysis  revealed  a  presence  of  two  compositionally  distinctive  types  of  garnets:  (L)  - 
typical  for  the  other  RSA  kimberlites  low-Cr  and  moderate-Ca  Iherzolitic  group  (e.g.  Monastery 
mine,  Moore,  1986)  ,  and  (W)  -  low-Cr  and  elevated  Ca  wehrlitic  group.  Group  (W)  was  never  be¬ 
fore  found  in  the  RSA  kimberlites.  First  description  of  these  unusual  megacrysts  found  in  Dalnaya 
pipe  (Yakutia)  was  previously  done  by  A.  Rodionov  with  co-authors  (Rodionov,  1988,  Rodionov  et 
al.,  1988.  1989). 

Another  unusual  characteristics  of  the  Venetia  garnet  megacrysts  is  in  the  lack  of  grains  with  Cr203 
content  below  0.63  wt.%. 

Comparison  of  garnet  chemistry  with  Monastery  and  Dalnaya  showed,  that 

•  Venetia.  megacryst  suite  is  unique  for  RSA. 

•  Garnet  compositions  are  more  close  to  the  Dalnaya  kimberlite  (Yakutia)  rather  than  to  Mon¬ 
astery. 

•  At  the  same  time  Venetia  megacrysts  show  clearly  distinctive  compositional  patterns,  espe¬ 
cially  on  Cr203  -  TiCb  and  mg#  -  TiCF  plots  (Fig.  IB.  1C). 

Ilmenites  found  as  inclusions  in  Venetia  garnet  megacrysts  are  unusually  high  in  Cr203  and  moder¬ 
ate  to  high  in  MgO  if  compared  to  the  Monastery  suite.  With  exception  of  C^CT  all  ilmenites  have 
relatively  tight  clustering  on  all  plots.  Oxide  concentrations  vary  as  follows  (wt.  %):  Ti02  -  52.5  - 
55.5.  FeO  -  28.6  -  32.4,  MgO  -  9.06  -12.4.  AFO3  -  0.51  -  0.87.  Ilmenites  split  in  two  groups  in  terms 
of  Cr203  content.  One  group  has  1.03  -  1.28  wt.  %  Q2O3  and  another  -  2.02-2.47  wt.  %  of  Q2O3 
Variations  for  C^Oi  and  MgO  for  Monastery  are  0.00  -  0.42  and  7.78  -  10.6  (wt.  %)  respectively. 
Ilmenites  from  Dalnaya  megacrysts  suite  cover  a  wider  compositional  range  than  both  Venetia  and 
Monastery. 

Clinopyroxene  inclusion  chemistry  does  not  reveal  any  surprises  and  is  comparable  to  other  well- 
described  cases.  When  compared  to  the  Monastery  megacrysts,  Venetia  clinopyroxenes  are  higher  in 
magnesium  (both  in  association  with  ilmenite  and  without  the  one)  and  do  not  reach  so  high  tem¬ 
peratures  as  some  discrete  nodules  from  Monastery. 

Some  indications  of  chemical  disequilibrium  between  ilmenite  inclusions  and  hosting  garnet  were 
observed.  At  equilibrium  conditions,  Cr203  content  in  garnet  and  ilmenite  has  to  be  the  same 
(Green.  Sobolev,  1975).  Cr203  (garnet)  -Cr203  (ilmenite)  plot  reveals  significant  scattering  off  the 
“equilibrium"  line  (r  =  1.0).  This  can  be  interpreted  as  an  indication  of  relatively  high  growth  rate  of 
the  megacrysts  in  question. 


1  It  has  to  be  noted  that  few  compositionally  megacrystic  ilmenites  and  clinopyroxenes  were  found  in  concentrate. 
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Three  models  are  possible  in  principle  to  explain  the  above  observations: 

1 .  Two  independent  melts  evolution. 

2.  Metasomatic  interaction  of  a  single  melt  with  two  rock  types  (lherzolites  and  eclogi- 
tes  or  wehrlites). 

3.  Melt  mixing. 

It  is  concluded  that  the  melt  mixing  model  seems  to  be  the  best  choice.  The  sequence  of  events 
could  be  as  follows: 

1st  stage  -  crystallisation  of  high-T  discrete  nodules  (with  some  silicate  inclusions). 

2nd  stage  -  “normal”  megacryst  crystallisation  trend  (L-type)  with  accumulating  Ti02,  FeO, 
CaO  and  depletion  in  Cr203  and  MgO.  It  almost  reached  a  stage  of  ilmenite  appearance  as  a 
new  phase. 

3rd  stage  -  presumably  at  this  moment  the  residual  melt  mixed  with  another  melt  enriched  in 
CaO  and  FeO  (eclogitic/basaltic  type  ?),  but  not  saturated  in  Ti02.  The  paragenesis  changes 
to  W-type.  Nucleation  of  ilmenite  (inclusions)  begins.  Presumably  mixing  did  not  happen 
immediately  in  the  whole  of  the  chamber  volume,  since  some  garnet  points  plot  on  con¬ 
tinuation  of  the  same  trend.  Alternatively,  crystal  fractionation  could  play  some  role.  Con¬ 
tinued  inflow  of  high-Ca  melt  results  in  massive  clinopyroxene  plus  garnet  crystallisation. 
The  additional  volumes  of  garnet  and  clinopyroxene  “consumed”  or  dissolved  accumulated 
in  the  melt  Ti02  and  the  ilmenite  nucleation  interrupted.  Oversaturation  in  Ca  and  FeO  re¬ 
sults  in  relatively  high  rate  of  crystal  growth,  which  is  recorded  in  some  disequilibrium  sig¬ 
natures  discussed  above. 

Venetia  megacryst  suite  never  reached  the  stage  of  an  extensive  ilmenite  crystallisation.  Presuma¬ 
bly,  there  should  be  abundant  clinopyroxene  megacrysts,  which  are  entirely  altered  and  did  not  pre¬ 
serve  in  the  tailings.  Minor  element  chemistry  study  is  required  to  support  or  reject  the  suggested 
model. 
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Figure  1.  Venetia  garnet  megacrysts. 


POTASSIUM  ALKALINE  MAGMATISM  IN  THE  RUSSIAN  FAR  EAST 


Romashkin  A. I. 

Far  Eastern  Regional  Information  Computing  Centre,  Far  Eastern  Institute  for  Mineral  Resources,  Ministry  of  Natural 
Resources  of  the  Russian  Federation,  31,  Gerasimov  St.,  Khabarovsk  680021,  Russia 

Potassium  alkaline  magmatism  (PAM)  is  widespread  in  the  Russian  Far  East  having  a  complicated 
geological  structure  and  a  long  evolution.  It  has  manifested  itself  in  all  the  first  order  structural- 
formational  zones  (SFZ)  ranging  in  age  from  Upper  Proterozoic  through  Cenozoic  (Fig.).  However, 
its  mineral  composition,  petrogeochemistry,  metallogeny  and  P-T-X  conditions  of  its  formation  have 
been  insufficiently  studied. 
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Fig.  Geological-structural  position  and  age  of  the  potassium  alkaline  magmatism  in  the 

Russian  Far  East. 

I-Siberian  Platform,  II-Aldan  Shield,  III-Stanovaya  fold-block  system,  IV-Bureinsk  Massif,  V- 
Khankaisk  Massif,  VI-Yuzhno-Verkhoyanskaya  SFZ,  VTI-Amur-Okhotsk  SFZ,  VIII-Sikhote-Alinsk 
SFZ:  a-Badzhalo-Gorinsk  part,  b-Primorsk  part.  (1-15  -  correspond  to  ordinal  numbers  in  the  Table) 

The  most  widespread  PAM  bodies  are  dikes  and  volcanic  pipes;  stock-like  subvolcanic  bodies,  small 
nappes  and  sills  have  been  more  scarcely  observed.  Local  showings  and  small  amounts  of  magmatic 
products  are  characteristic  features  of  PAM  recognized  in  the  Ingili  (Romashkin,  1994),  Jiakun’sk 
(Romashkin,  Kukhtina,  1994),  Kurung-Uryakhsk  (Shnai  et  al.,  1991),  Galamsk  (Arkhipov,  Panskikh, 
1975)  and  other  locations. 

PAM  forms  in  relation  to  geodynamic  regime  of  tectonic-magmatic  activization  or  rifting.  Generally 
it  is  confined  to  fault  zones  mainly  of  north-eastward  and  sublatitudinal  trends  referred  to  the 
category  of  inferred  faults.  In  a  number  of  places  it  is  located  at  the  deep  faults’  intersection  nodes. 

The  PAM  showings  established  in  the  region  belong  to  intermediate,  mafic  and  ultramafic  rocks  of 
sub-alkaline  and  alkaline  rows.  In  Si02/Mg0-K20/Na20  diagram  the  figurative  points  of  some  of 
their  representatives  are  located  within  the  fields  typical  of  kimberlites  and  lamproites.  In  some 
instances  they  are  characterized  by  increased  and  high  Ti,  P,  C02,  and  H20  contents  (Table). 
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Table.  Chemical  composition  (weight  %)  of  the  potassium  alkaline  magmatism  in  the  Russian  Far  East 


AUTHOR 

Romashkin  et  al 
(1996) 

Prikhodko  et  al 
(1985) 

Romashkin* 

Mikhnevich  (1989) 

Govorov  (1977) 

Govorov  (1977) 

Romashkin  * 

Shnai  et  al  (1991) 

Romashkin,  Kukhtina 

(1992) 

Romashkin* 

Romashkin* 

Govorov  et  al  ( 1 997) 

Arkhipov,  Panskikh 

(1975) 

Gurulev  et  al  (1995) 

Romashkin  (1994) 

TOTAL 

99.70 

Z.  1  *66 

98.98 

100.62 

99.17 

3166 

99.15 

99.47 

16001 

o 

m 

o' 

o 

99.59 

1966 

99.01 

3166 

99.17 

O 

fS 

X 

1.87 

2.13 

2.90 

2.65 

3.99 

1.65 

2.06 

2.28 

4.10 

3.59 

6.41 

nd 

3.98 

0.73 

2.64 

o 

u 

0.15 

nd 

0.72 

2.51 

o 

m 

o' 

0.28 

1.35 

00 

oo 

o' 

3.06 

3.23 

oro 

17.39 

2.58 

33’3 

13.19 

IT) 

o 

CL 

in 

OO 

O 

63  0 

0.75 

0.71 

0.26 

0.31 

m 

o 

o' 

1.60 

0.58 

00 

in 

o' 

0.12 

0.28 

3IT 

0.15 

0.57 

O 

* 

4.33 

3.45 

2.37 

5.32 

2.16 

89  6 

o 

00 

7.38 

3.66 

1.44 

0.15 

2.64 

4.41 

0.17 

1.21 

O 

fS 

CZ 

z 

3.86 

2.55 

2.31 

1.16 

0.50 

680 

0.35 

0.92 

90  3 

00 

r- 

o' 

300 

0.13 

1.15 

600 

317  0 

CaO 

7.35 

9.65 

8.56 

6.34 

9.30 

7.77 

4.13 

5.68 

orz. 

10.14 

4.82 

8.63 

5.44 

2.43 

17.34 

O 

Of 

s 

8.38 

8.63 

9.49 

9.53 

13.71 

3.28 

30.54 

00 

o' 

00 

o' 

10.64 

6393 

7.25 

6.28 

36.26 

9.65 

o 

1 

no 

0.15 

0.21 

910 

0.31 

0.27 

13  0 

0.13 

310 

0.19 

910 

0.65 

610 

0.33 

910 

FeO 

5.98 

3.92 

7.66 

5.55 

09  01 

2.56 

1911 

1.57 

5.64 

9.32 

5.44 

7.36 

8.25 

68  01 

4.63 

O 

Zj 

Lb 

3.42 

8.12 

rr 

00 

2.19 

1.77 

090 

1.92 

69  9 

6.32 

8.59 

8.60 

0.45 

3.94 

5.46 

8.77 

o 

<s 

< 

13.13 

13.83 

12.83 

12.66 

10.74 

15.39 

4.70 

19.40 

12.64 

31‘6 

4.60 

12.49 

13.83 

0.38 

5.16 

fS 

O 

H 

1.71 

06T 

3.03 

08T 

2.70 

1.08 

0.33 

2.15 

2.96 

3.57 

1.07 

00 

00 

O 

3.97 

o 

o' 

4.49 

fS 

O 

48.56 

44.05 

43.31 

50.04 
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o' 
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oo 
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6-  epileucite  trachyte,  7-  fine-grained  phlogopite  peridotite,  8-  lamproite,  9-  ultramafic  foidite,  10-  potassic  augitite,  1 1-  potassic  picrite, 
12-  biotite-calcitic  picrodolerite,  13-  schalstein,  14-  kimberlite-appearing  rock,  15-  ingilite;  “nd”  -  no  data,  *  -  unpublished  data.. 


Among  the  PAM  products  there  can  be  identified  massive  varieties,  eruptive  breccias  and  autolithic 
breccias.  Porphyritic  structures  are  common.  As  a  rule,  the  rocks  contain  variable  amounts  of  olivine, 
clinopyroxene,  phlogopite,  biotite,  plagioclase,  potassium  feldspar,  amphibole,  and  leucite  of  several 
generations.  Accessories  are  represented  by  ilmenite,  chromite,  magnetite,  sphene,  zircon,  apatite, 
and  corundum.  Epigenetic  alterations  are  common.  Xenoliths  of  olivinite,  pyroxenite,  picrite, 
trachybasalt  and  metamorphic  rocks  are  present.  Garnet  peridotite  and  eclogite  have  not  been 
observed.  Temperature  conditions  for  the  PAM  formation  range  from  920  to  1280°C,  pressure  - 
from  10  to  40  kbar. 

The  PAM  showings  occurring  in  various  SFZ  have  specific  chemical  compositions.  At  the  same  time, 
the  most  high-potassium  products  of  various-age  magmatism  recognized  within  the  same  SFZ 
frequently  have  some  common  features  in  the  chemical  composition.  Due  to  this,  every  finding  of 
this  rock  type  deserves  detailed  studying  with  the  aim  of  determining  their  possible  relationship  with 
kimberlites  or  lamproites. 

Petrochemical  analysis  of  the  PAM  observed  in  the  Russian  Far  East  has  shown  that  by  the  present 
moment  there  have  not  been  found  any  typical  representatives  of  diamond-bearing  kimberlites  or 
lamproites.  However,  in  the  history  of  the  regional  evolution  there  have  been  distinguished  a  number 
of  epochs  such  as  Late  Paleogene,  Cretaceous,  Middle  Paleozoic,  and  Late  Proterozoic  in  relation 
with  which  such  magmatism  is  likely  to  be  recognized.  Besides,  a  probable  diamond-bearing  of  some 
regional  PAM  representatives  possessing  certain  similarities  with  kimberlites  and  lamproites  cannot 
be  excluded,  though  they  have  been  insufficiently  studied  as  regards  their  probable  diamond-bearing. 
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MINERALOGY  OF  INGILITE 


Romashkin  A.I.,  Kukhtina  L.  M. 

Far  Eastern  Regional  Information  Computing  Centre,  Far  Eastern  Institute  for  Mineral  Resources.  Ministry  of  Natural 
Resources  of  the  Russian  Federation,  31,  Gerasimov  St.,  Khabarovsk  680021,  Russia 

The  term  ingilite,  ingilitic  rock  has  been  introduced  by  F.V. Kaminsky  (1969)  for  defining  rocks 
with  intermediate  composition  from  kimberlites  to  alkaline  picrites  and  alkaline  basalts.  A 
petrotypical  area  of  their  development  is  the  volcanic  pipe,  vein  and  dike  field  with  the  same  name 
located  in  the  south-eastern  margin  of  the  Siberian  platform.  Ingilites  formed  during  Late 
Proterozoic  rifting  stage  in  association  with  alkaline-ultramafic  massif  of  central  type  with 
carbonatite  (Romashkin,  1994). 

Ingilitic  bodies  are  composed  of  massive  ingilites  and  ingilitic  breccias,  autolithic  ones  included. 
Massive  ingilites  and  breccial  cement  have  porphyritic  structures.  Phenocrysts  are  represented  by 
olivine,  clinopyroxene,  phlogopite  and  picroilmenite.  The  rock  groundmass  which  has  microlithic 
structure  is  composed  of  carbonate,  serpentine,  phlogopite,  clinopyroxene,  olivine,  perovskite, 
chrome-spinellid,  and  magnetite.  In  individual  grains  there  have  been  identified  orthopyroxene, 
amphibole,  garnet,  zircon,  apatite,  rutile,  sphene,  anatase,  scapolite,  corundum,  and  also  obviously 
epigenetic  -  siderite,  magnesite,  barite,  chlorite,  gematite,  fluorite,  pyrite,  chalcopyrite,  azurite, 
malachite,  leucoxene,  limonite. 

Olivine  from  phenocrysts  is  represented  by  two  morphological  types:  big  (up  to  7  mm)  oval  grains 
and  phenocrysts  of  prismatic  crystal  habit  up  to  3  mm  in  size.  The  olivine  iron  content  ranges  from  6 
to  17  %.  An  insufficient  CaO  admixture  has  been  determined  in  its  composition;  chromium  has  not 
been  found  (Table). 

Table.  Average  Chemical  Composition  (weight  %)  of  minerals  of  ingilites 


Mineral 

n 

Si02 

Ti02 

ai2o3 

Cr203 

FeO* 

MnO 

MgO 

CaO 

Na20 

Total 

Olivine 

39 

40.80 

ud 

na 

ud 

10.10 

0.18 

48.66 

0.06 

na 

99.80 

Clinopyroxene  1 

22 

54.39 

0.20 

1.01 

0.70 

2.92 

0.07 

17.06 

22.07 

0.47 

98.89 

Clinopyroxene  2 

20 

53.31 

0.48 

1.50 

0.04 

6.78 

0.24 

15.08 

20.93 

0.87 

99.23 

Ilmenite  1 

6 

na 

49.14 

0.34 

1.56 

38.62 

0.28 

8.98 

na 

na 

98.92 

Ilmenite  2 

21 

na 

47.18 

0.32 

0.27 

44.88 

0.35 

5.71 

na 

na 

98.71 

Crome-spinel.  1 

12 

na 

0.74 

6.70 

50.40 

31.22 

0.48 

9.07 

na 

na 

98.61 

Crome-spinel.  2 

8 

na 

11.34 

3.20 

28.50 

46.51 

0.33 

8.97 

na 

na 

98.85 

Garnet  1 

19 

39.54 

0.06 

21.76 

0.03 

22.96 

0.53 

9.10 

5.84 

na 

99.82 

Garnet  2 

9 

37.66 

0.07 

20.87 

0.04 

28.79 

3.35 

3.37 

5.08 

na 

99.23 

Garnet  3 

4 

37.80 

0.01 

21.44 

0.01 

34.96 

1.21 

4.00 

0.96 

na 

100.39 

Note:  *  -  all  iron  is  in  the  form  of  FeO;  ud  -  undiscovered;  na  -  not  analysed. 

Clinopyroxene  from  phenocrysts  forms  two  morphological  types.  The  first  type  -  angular,  rounded, 
frequently  corroded  green-colored  with  an  emerald  tint  grains  up  to  4  mm  in  size.  The  second  type 
-  green,  dark  green  phenocrysts  of  short-prismatic  shape  up  to  1  mm  in  size  along  a  long  axis.  By 
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chemical  composition  clinopyroxenes  are  subdivided  into  two  groups  (Table).  The  pyroxenes  of  the 
first  group  (the  first  morphological  type)  -  chrome-diopsides  and  chrome-bearing  clinopyroxenes  are 
characterized  by  the  minimum  FeO  contents  and  a  small  Ti(>2  admixture.  According  to  AI2O3  and 
Na20  ratio  some  of  their  representatives  correspond  to  chrome-diopsides  of  kimberlites.  The 
clinopyroxenes  of  the  second  group  (the  first  and  the  second  morphological  types)  are  depleted  in 
chromium,  enriched  in  iron  and  titanium. 

Phlogopite  from  phenocrysts  is  represented  by  elongated  plates  with  rounded  margins  from  0.7  up  to 
6  mm  in  size.  The  mineral  pleochroites  from  pale  brown,  straw-yellow  by  Np  up  to  dark-brown  by 
Ng,  which  indirectly  indicates  TiC>2  enrichment . 

Picroilmenite  is  a  typical  mineral  for  ingilites.  Its  grains  range  in  size  from  0.5  to  5  mm;  nodules  up 
to  4  cm  in  diameter  are  rarely  observed;  grains  are  irregularly  shaped  as  rounded-oval  ones  with 
rugged  knobby  surfaces.  Picroilmenite  generally  has  monocrystal  structure  and  rarely  aggregate  one. 
By  composition  paramagnetic  ilmenites  are  subdivided  into  two  groups  (Table,  Fig.  1).  The  first 
group  is  enriched  in  MgO  and  Cr203  along  with  a  rather  narrow  compositional  range  (mol.%): 
MgTi03  (30-36),  FeTi03(55-58),  Fe203  (8-13)  corresponding  to  picroilmenites  from  kimberlites. 
The  second  group  which  includes  ferrimagnetic  ilmenites  as  well  is  depleted  in  MgO  and  Cr203  and 
wider  compositional  variations.  They  differ  from  kimberlitic  picroilmenites  by  decreased  contents  of 
MgO  and  increased  contents  of  crichtonite  minal. 


Cr203 


***** 

0  *.t*  **i\* 

2  4  6  8 


MgO 
10  12 


Fig.  1 .  Picroilmenites  of  ingilites  on 
Mg0-Cr203  diagram 
1  -  first  group;  2  -  second  group. 
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Fig. 2.  Chrome-spinellids  of  ingilites  on 

Cr203-Ti02  diagram 

1-  first  group;  2  -  second  group. 


Chrome-spinellids  form  black-colored  crystals  from  0.15  to  1  mm  in  size,  of  three  morphological 
types  (according  to  their  abundance):  1)  plane-faced,  sharp-edged  octahedrons  with  dull  rugged 
faces;  2)  octahedrons  with  even  smooth  mirror-lustrous  faces  and  partially  rounded  edges  and 
apexes;  3)  distorted  octahedrons  or  grains  of  rounded  to  irregular  shapes  with  rugged  surfaces  and 
dull  luster.  According  to  the  composition  two  groups  of  chrome-spinellids  can  be  distinguished 
(Table,  Fig.2)  undependent  on  their  morphology.  Chrome-spinellids  of  the  first  group  correspond  to 
chrome-picotite.  They  are  enriched  in  Cr203,  A1203,  depleted  in  Ti02,  and  by  the  ratio  of  the 
components  mentioned  correlate  with  chrome-spinellids  from  kimberlites  (Sobolev  et  al.,  1975), 
differing  from  the  latter  by  lesser  MgO  content.  The  second  group  is  represented  by  titanium-bearing 
chrome-spinellids  representing  a  series  of  solid  solutions  of  chromopicotite-titanomagnetite 
(Frantsesson  et  al.,  1983).  Crome-spinellids  of  the  second  group  are  more  ferruginous  and  highly 
enriched  in  Ti02  and  depleted  in  Cr203  and  A1203.  By  Ti02  and  A1203  contents  they  correspond  to 
titanium  chrome-bearing  magnetites  from  some  dike  bodies  of  lamproites  from  the  Eastern  Kimberli 
(Jakes  et  al.,  1989). 
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Garnet  is  represented  by  sharp-edged  fragments  of  crystals  and  angular-rounded  corroded  grains 
from  0.2  mm  to  4  mm  in  diameter,  sometimes  with  fragments  of  kelyphitic  rims.  The  garnets  studied 
are  depleted  in  chromium  (Cr203  <  0.2%)  or  do  not  contain  cromium  admixture  at  all.  Three  groups 
of  garnets  can  be  recognized  distinguished  by  chemical  composition  (Table).  The  first  group  includes 
grains  of  orange-red,  pinkish-red  colors  consisting  (mol.%)  of:  almandine  (37-56),  pyrope  (25-47) 
and  grossular  (12-21).  The  second  group  is  formed  by  bright-red  and  orange  garnets  composed  of 
almandine  (52-77),  pyrope  (7-16),  grossular  (9-22)  and  spesartine  (1-18).  The  third  group  is 
represented  by  pale-lilac  garnets,  primarily  of  almandine  composition  (76-79)  with  an  admixture  of 
pyrope  minal  (up  to  18%)  and  small  amounts  (less  than  3%)  of  grossular  and  spessartine.The  source 
for  the  characterized  garnets  are  metamorphic  rocks  of  the  Aldan  shield  basement. 

Ingilites  represent  the  product  of  the  mantle  magmatism  but  formed  under  less  deep  conditions  than 
kimberlites.  This  is  due  to  the  absence  of  xenoliths  of  garnet  peridotites  and  eclogites,  chrome- 
pyrope  and  diamond.  The  presence  in  ingilites  of  minerals  of  various  chemical  composition  (chrome- 
shpinellid,  picroilmenite,  clinopyroxene)  point  to  complicated  conditions  of  their  formation,  a 
probable  feature  of  which  is  the  mixture  of  various-depth  magmatic  material. 
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Extreme  Value  Analysis  of  Diamond  Sizes  and  Values 


Rombouts,  Luc 

Terraconsult.  Oosterveldlaan  273,  B-2640  Mortsel-Antwerp,  Belgium 

At  the  exploration  and  evaluation  stage,  early  diamond  grades  or  values  are  often  strongly  influenced 
by  the  occurrence  of  a  few  large  stones.  At  the  exploration  stage,  the  initial  samples  from  a 
kimberlite  sent  for  microdiamond  analysis  are  often  strongly  influenced  by  one  or  two  larger  stones 
At  the  evaluation  stage,  diamond  parcels,  obtained  from  a  small  bulk  sample  of  a  few  hundred 
tonnes,  may  contain  one  or  two  larger  good  quality  stones  that  contribute  heavily  to  the  average 
carat  price  of  the  parcel.  For  instance,  it  is  not  uncommon  in  a  parcel  of  a  few  hundred  carats  to  have 
one  stone  contributing  for  30%  to  the  total  value  of  the  parcel.  With  initial  grade  and  value  estimates 
so  dependent  on  the  presence  of  one  or  two  stones,  it  is  essential  to  assess  the  statistical  significance 
of  these  extreme  values.  Diamond  size  and  value  distribution  have  previously  been  shown  to  belong 
to  two  main  classes  of  distributions,  the  lognormal  and  loghyperbolic  distributions  (Rombouts, 

1997).  The  loghyperbolic  distribution  is  obtained  as  a  mixture  of  lognormal  distributions.  In  alluvial 
or  marine  deposits,  diamond  size  and  value  distributions  are  often  best  fitted  to  lognormal 
distributions,  because  of  sorting  over  long  transport  distances.  In  primary  deposits,  diamond  size  and 
value  distributions  are  often  loghyperbolic,  as  the  erupting  kimberlite  magma  sampled  and  mixed 
many  different  diamond  populations,  each  with  its  own  lognormal  size  distribution.  Diagnosing 
lognormal  from  loghyperbolic  distributions  is  essential  in  interpreting  the  tail  of  the  size  and  value 
distribution  and  the  significance  of  a  few  extreme  values.  Extreme  value  theory  analyses  the 
statistical  significance  of  extreme  values  or  the  tail  of  the  distribution  Classical  statistical  techniques 
mainly  focus  on  the  behaviour  of  the  average  and  tend  to  treat  extreme  values  as  undesirable  outliers. 
Extreme  value  theory  on  the  other  hand  readily  accepts  that  the  extremes  form  an  integral  part  of  the 
distribution  and  tries  to  characterize  the  tail  of  the  distribution  with  a  single  parameter,  called  the 
extreme  value  index  and  denoted  as  y.  The  extreme  value  index  can  be  less  than,  equal  to,  or  greater 
than  zero,  with  only  the  two  latter  cases  of  importance  in  diamond  geology.  If  y=0,  then  the 
distribution  has  a  lognormal  tail,  while,  ify>0,  the  distribution  has  a  loghyperbolic  or  Pareto  (power 
law)  tail.  If  y>  1 ,  the  distribution  has  no  mean  and  the  average  grade  or  value  will  depend  on  the 
sample  size. 

Two  types  of  plots  are  useful  in  analysing  the  extreme  value  index:  the  QQ-  and  UH-plots.  The  QQ- 
plot  is  a  Pareto-quantile  plot  and  readily  detects  Pareto-type  tails.  The  UH-plot  is  more  sensitive  and 
general,  as  it  detects  both  Pareto-type  (including  loghyperbolic)  and  lognormal  tail  behaviour.  The 
UH-plot  is  preferably  used  in  fitting  y  to  the  tail  of  the  distribution  (Caers  and  Rombouts,  1996). 

Very  early  at  the  exploration  stage,  the  grade  of  commercial-sized  diamonds  in  a  kimberlite  deposit 
can  be  roughly  estimated  by  extrapolating  the  size  distribution  of  the  microdiamonds,  recovered  from 
a  few  hundred  tonnes  of  drill  samples.  If  the  size  distribution  has  a  lognormal  tail  (y=0),  the  grade  of 
the  commercial-sized  diamonds  can  be  estimated  by  integrating  the  lognormal  size  distribution  of  the 
microdiamonds  within  the  range  of  0.01  to  100  carats.  If  y>  1 ,  the  tail  is  loghyperbolic  or  Pareto-like, 
and  an  estimate  of  the  grade  of  the  commercial-sized  diamonds  can  be  obtained  by  extrapolating  the 
extreme  value  distribution  defined  by  y  (giving  cumulative  grade  versus  size)  beyond  the  stone  sizes 
larger  than  0.01  carat.  These  estimates  are  rough,  but  reliable  enough  to  prioritize  kimberlite  targets 
for  bulk  sampling. 
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At  the  evaluation  stage,  the  value  distribution  of  a  parcel  of  diamonds  will  show  a  tail,  characterized 
by  y=0,  0<y<l  or  y>=l .  If  the  extreme  value  index  of  the  value  distribution  equals  zero,  the  average 
carat  price  can  be  estimated  by  dividing  the  mean  or  the  t-estimator  of  the  average  stone  values  by 
the  mean  of  the  average  stone  sizes.  If  the  extreme  value  index  is  greater  than  1 ,  the  average  value 
does  not  exist,  but  depends  on  the  sample  size.  The  greater  the  sample  size  the  more  likely  a  better 
average  carat  price  is  obtained.  In  such  a  case,  estimates  of  the  average  carat  price  can  be  obtained 
for  different  sample  sizes  or  degrees  of  mining  by  extrapolating  the  extreme  value  graph  and 
calculating  the  contribution  of  extreme  values,  more  likely  to  occur  if  the  sample  is  larger  or  mining 
is  more  advanced,  to  the  average  value.  In  case  the  extreme  value  index  remains  between  zero  and 
one,  the  average  exists  and  can  can  be  calculated  by  several  methods.  The  average  can  be  obtained 
by  simply  taking  the  arithmetic  averages  of  the  stone  sizes  and  values,  or,  if  the  value  distribution  can 
be  fitted  to  a  three-parameter  lognormal  distribution,  by  the  t-estimator,  or  thirdly,  by  extrapolating 
the  tail  of  the  value  distribution  using  the  extreme  value  graph  and  adding  the  contribution  of  the 
extreme  value  tail  to  the  rest  of  the  distribution  to  obtain  the  average  carat  price. 
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Fig.  1:  The  microdiamond  size  distribution  of  a  kimberlite:  the  UH  plot  shows  a  linear  trend  towards  the  largest 
microdiamonds,  pointing  to  a  loghyperbolic  size  distribution. 
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Mantle  metasomatism  is  prevalent  in  peridotite  xenoliths  carried  in  both  alkali  basalts  and 
kimberlites.  Metasomatized  peridotites  are  characterized  by  incompatible  element  enrichments 
(large  ion  lithophile  element  and  LREE  enrichments  ±  concomitant  high  field  strength  element 
enrichments)  in  otherwise  refractory  bulk  compositions.  These  metasomatized  peridotites  also 
tend  to  have  evolved  isotopic  compositions.  Pinning  down  the  timing  of  metasomatism  is  difficult 
due  to  the  high  temperatures  at  which  most  xenoliths  equilibrated  and  the  lower  blocking 
temperatures  of  most  isotopic  systems.  Without  this  age  information  it  is  difficult  to  interpret  the 
isotopic  compositions  of  metasomatized  peridotites  in  terms  of  the  origin  of  the  metasomatic 
components. 

We  report  here  the  results  of  U-Pb  dating  of  zircon  occurring  as  a  metasomatic  phase  in 
harzburgites  from  the  Highwood  Mts.,  Montana,  and  from  the  Labait  cinder  cone,  Tanzania.  These 
ages  pin  down  the  timing  of  mantle  metasomatism,  which  ranges  from  Proterozoic  to  Quaternary 
and  in  both  cases  coincides  well  with  regional  geological  events. 

Samples 

The  potassic  maafic  volcanics  and  intrusives  in  the  Highwood  Mountains  represent  Eocene  post- 
subduction  continental  arc  magmas  within  the  Great  Falls  tectonic  zone  near  the  NW  margin  of  the 
Archean  Wyoming  craton  (O'Brien  et  al.,  1995).  The  Great  Falls  tectonic  zone  is  believed  to 
represent  a  1.8  Ga  tectonic  boundary  between  the  Wyoming  and  Heame  provinces  (Hoffman,  1989) 
although  details  of  its  lithology  and  structure  are  largely  obscured  by  sedimentary  and  volcanic 
cover.  A  large  variety  of  ultramafic  xenoliths  are  found  in  the  Highwood  minettes.  Spinel 
harzburgite  and  lherzolite  are  the  dominant  lithologies  and  contain  metasomatic  minerals  (e.g.,  mica, 
amphibole,  ilmenite  and  apatite).  Zircon  occurs  in  3  of  the  ultramafic  xenoliths:  within  olivine  in 
two  olivine-rich  harzburgites  and  in  glimmerite  veins  cutting  a  harzburgite  (two  separate  veins  were 
analyzed).  In  addition,  zircons  from  a  mica  gabbro  (cpx-plag-phlogopite-apatite-monazite-zircon) 
were  also  analyzed. 

In  the  olivine-rich  harzburgites  (EN88-4,  EN89-1),  zircon  is  associated  with  apatite  and  Mg- 
ilmenite.  Mica  and  amphibole  also  occur  in  the  harzburgites,  which  have  low  Mg#s  (e.g., 
Mg/(Mg+Fe)  =  83)  compared  to  residual  peridotite  xenoliths.  Zircons  (10  to  100  pm  across)  from 
the  harzburgite  are  oval  to  round  and  in  BSE  and  CL  show  patchy  zoning,  but  no  growth  zoning. 
The  glimmerites  cutting  harzburgite  EN88-1  are  surrounded  by  thick  (several  cm)  orthopyroxenite 
reaction  zones,  which  also  contain  zircon.  In  addition  to  zircon,  the  glimmerite  veins  contain  mica, 
orthopyroxene,  clinopyroxene,  rutile,  magnetite,  chromite  and  calcite  ±  altered  plagioclase  (believed 
to  be  xenocrystic),  monazite,  apatite  and  thorianite.  The  harzburgite  that  they  cut  contains  a  small 
amount  of  mica  and  has  Mg#  =  88,  low  compared  to  refractory  peridotites.  Zircon  has  not  been 
observed  in  the  harzburgite  itself.  Zircons  from  the  glimmerite  (50  to  500  pm  in  longest  dimension) 
are  round  to  elongate  and  have  a  distinctive  lavender  color.  BSE  images  reveal  growth  zoning  in 
some  of  the  crystals,  indicative  of  crystallization  from  a  melt.  Zircons  in  the  mica  gabbro  are 
relatively  small  (30-80  pm),  muti-facted  spheres,  similar  to  zircons  from  granulite  facies  xenoliths. 

Based  on  thermobarometry,  the  harzburgites  described  above  equilibrated  at  rather  shallow  levels  in 
the  upper  mantle  or  lower  crust.  Their  trace  element  compositions  are  peculiar  for  peridotites 
(LREE  enriched,  with  large  Eu,  Sr  and  Nb  depletions)  and  are  interpreted  to  reflect  the  composition 
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of  the  metasomatic  agent  (melt  or  fluid),  which  appears  to  have  affinities  with  the  continental  crust. 
They  are  some  of  the  most  isotopically  evolved  samples  yet  measured  from  the  lithospheric  mantle 
(eNd  =  -9  to  -39,  87Sr/86Sr  =  0.705  to  0.759,  206Pb/264Pb  =  17.9  t0  23.2)(Carlson  and  Irving,  1994), 
indicating  their  incompatible  trace  elements  are  dominated  by  a  component  that  experienced  long 
term  enrichment  of  LREE,  high  Rb/Sr  and  U/Pb. 

The  Labait  tuff  cone  is  an  olivine  melilitite  that  erupted  on  the  eastern  margin  of  the  Archean 
Tanzanian  craton  where  it  meets  Proterozoic  rocks  of  the  Usagaran  belt  (Dawson  et  al.,  1997).  The 
east  African  rift  penetrates  the  edge  of  the  craton  here  and  Labait  is  part  of  the  youngest  episode  of 
rift  volcanism,  dated  elsewhere  between  0.7  to  1.5  Ma  (Bagdasaryan  et  al.,  1973).  Xenoliths  are 
abundant  at  Labait  and  include  dunitic  cumulates,  spinel  harzburgites,  chromite  harzburgites,  garnet 
harzburgite  and  lherzolites  (Dawson  et  al.,  1997;  Lee  and  Rudnick,  1998).  Zircon  was  found  in  a 
phlogopite-rutile-sulfide  vein  in  a  chromite-harzburgite.  These  zircons  are  large  (100  to  500  fim), 
euhedral,  and  show  growth  zoning  in-BSE  images. 

Results 

Zircons  extracted  from  the  Montana  samples  were  measured  on  SHRIMP  I  and  II  at  the  Australian 
National  University  following  the  methods  of  Williams  and  Claesson  (1987).  The  harzburgite 
zircons  show  a  relatively  simple  age  distribution  (Fig.  1),  yielding  a  mean  age  of  1784  ±  14  Ma 
(error  quoted  as  2 a  of  the  mean).  In  contrast,  zircons  from  the  glimmerite  vein  show  a  significant 
spread  in  ages  between  ~1.7  and  1.9  Ga.  These  zircons  also  show  a  range  of  238U/206Pb  values, 
indicative  of  a  small  amount  of  modem  Pb  loss.  There  is  no  obvious  correlation  between  zircon 
shape,  structure  or  age.  Multiple  spots  within  single  zircons  generally  yield  the  same  ages;  the 
maximum  age  difference  within  a  single  crystal  is  50  Ma.  Taking  an  average  of  all  the  data  for 
glimmerite  zircons  yields  an  age  of  1798  ±  18  Ma.  Zircons  from  both  samples  are  thus  the  same 
age,  within  error,  and  correspond  well  with  the  age  of  monazite  from  the  glimmerite  vein  (1806  ±  1 
Ma,  Carlson  and  Irving,  1994).  We  interpret  this  age  as  the  time  when  the  zircons  grew  from  a  melt 
that  was  also  responsible  for  the  crystallization  of  mica,  amphibole,  apatite  and  ilmenite.  This  is 
also  likely  the  time  when  the  LREE-enriched  signature  was  imparted  to  these  rocks.  Both  samples 
have  strongly  negative  ENd  at  the  time  of  metasomatism  (i.e.,  -8  to  -9,  Carlson  and  Irving,  1994), 
suggesting  that  the  metasomatic  melt  carried  a  time  integrated  LREE  enriched  signature.  If  one 
assumes  an  upper  crustal-like  Sm/Nd  ratio  for  the  source  of  the  fluid  (e.g.,  147Sm/144Nd  =  0.12), 
then  the  Tdm  age  of  the  source  is  -2.7  Ga.  U-Pb  ages  for  spot  analyses  of  centers  of  zircons  from 
the  mica  gabbro  (Fig.  2)  show  a  spread  of  concordant  ages  between  1.8  and  2.25  Ga,  providing 
evidence  for  an  older  component  compared  to  the  ultramafic  xenoliths.  This  sample  may  have 
crystallized  at  >2.25  Ga  and  underwent  high-grade  metamorphism  at  1.8  Ga,  the  timing  of  the 
metasomatism  in  the  ultramafic  xenoliths.  Alternatively,  the  older  zircons  may  be  xenocrystic. 
There  is  no  obvious  morphology  differences  that  are  correlative  with  age. 

Four  zircon  fractions  from  the  Tanzanian  harzburgite  were  analyzed  by  TIMS  at  the  University  of 
Arizona  following  the  methods  described  in  Gehrels  (1990).  These  zircons  are  extremely  young 
(Fig.  2),  with  a  mean  age  of  400  ±  200  Ka,  demonstrating  that  the  phlogopite  metasomatism 
displayed  by  this  xenolith  is  related  to  the  rift  magmatism.  The  date  also  constrains  the  age  of  the 
Labait  volcano  to  be  Pleistocene  or  younger. 
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Figure  1.  Tera- Wasserburg  (1972)  diagrams  showing  ages  of  individual  spot  analyses  for  zircons  from  two  mantle 
xenoliths  from  the  edge  of  the  Wyoming  craton,  Highwood  Mts.,  Montana.  Labelled  ages  are  in  Ma. 


Figure  2.  Tera- Wasserburg  diagrams  showing  (left)  ages  of  individual  spot  analyses  for  zircons  from  a  mica 
gabbro  xenolith  from  the  Highwood  Mts.,  Montana,  and  (right)  ages  of  individual  zircon  fractions  for  zircons 
extracted  from  a  harzburgite  from  Labait,  Tanzania.  Ages  marked  in  Ma.  Error  on  LB- 17  is  2  a  and  includes  a 
range  in  common  lead  from  0  to  2  Ga  (Stacey  and  Kramers,  1975)  and  Pb  for  modem  Tanzanian  volcanics 
(Paslick  et  al.,  1995) 
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Twenty-five  years  ago,  Helmstaedt  and  Doig  (1975)  proposed  that  eclogite  facies  xenoliths  in 
diatremes  from  the  Colorado  Plateau  could  represent  subducted  remnants  of  Phanerozoic  oceanic 
lithosphere,  in  particular  the  Farallon  Plate.  The  subduction  hypothesis  for  generating  mantle  eclogite 
has  since  gained  considerable  favour,  especially  for  high  P-T  eclogites  in  kimberlites  (Helmstaedt  and 
Shulze,  1988;  Snyder  et  al.,  1993;  Jerde  et  al.,  1993;  Jacob  et  al.,  1994;  Pearson  et  al.,  1995; 
Rudnick,  1995;  Viljoen  et  al.,  1996;  McCandless  and  Gurney,  1997).  The  initial  premise  of 
Helmstaedt  and  Doig  (1975),  which  was  based  largely  on  observational  evidence,  however,  would 
remain  untested  "until  the  precise  ages  of  the  protoliths...are  known”  (Helmstaedt  and  Shulze,  1991). 

Helmstaedt  and  Doig  (1975)  noted  that  Colorado  Plateau  eclogites  had  ^Sr/^Sr  ratios  similar  to 
Franciscan  metavolcanic  rocks.  Wendlandt  et  al.,  (1993)  obtained  Proterozoic  Sm-Nd  model  ages  for 
eclogites  from  the  Colorado  Plateau,  but  noted  that  a  number  of  the  xenoliths  experienced 
metasomatism  that  introduced  LREE,  SiC>2  and  Na20  and  disturbed  the  Nd  and  Sr  isotopic 
compositions.  Rb-Sr  isochrons  yield  500-900  Ma  ages,  and  mineral  and  whole-rock  Sm-Nd 
isochrons  yield  21  Ma  ages,  the  age  of  the  transporting  magmas  (Wendlandt  et  al.,  1993).  Equivocal 
ages  were  also  reported  previously  by  Roden  et  al.,  (1990). 

Based  on  modeling  by  McCandless  and  Gurney  (1997),  carbon  (and  sulphide)  bearing  eclogites  are 
more  likely  to  be  Proterozoic  or  younger.  We  specifically  selected  eclogites  from  the  Colorado  Plateau 
that  contained  ~1%  by  volume  of  sulphides.  We  also  selected  only  xenoliths  from  diatreme  host 
rocks,  because  these  are  less  prone  to  alteration  than  xenoliths  transported  in  higher  temperature 
minette  or  latite  host  magmas  (Helmstaedt  and  Schulze,  1991).  Portions  of  the  xenoliths  free  of 
alteration  of  the  sulphides  were  selected,  fragments  were  powdered  in  an  alumina  mill,  2  grams  were 
loaded  into  Carius  tubes,  and  a  modified  dissolution/distillation  technique  (after  Freydier  et  al.,  1997) 
was  employed  to  ensure  recovery  of  Re  and  Os  from  sulphides.  Total  blanks  with  this  technique  are 
~4  pg. 


Two  types  of  eclogites  were  analysed  for  Re-Os  isotopes.  The  metabasic  eclogites  consist  of  zoned 
almandine-rich  garnet,  omphacite,  rutile,  and  pyrite.  Metabasic  eclogites  have  spillitic  bulk 
compositions,  and  sample  MR23  exhibits  relict  pillow  basalt  textures  (Helmstaedt  and  Shulze,  1988). 
In  contrast,  the  jadeite-clinopyroxenites  have  jadeite-rich  pyroxene  +/-  garnet,  rutile  or  pyrite,  do  not 
have  an  igneous  bulk  composition,  and  resemble  jadeite  pods  in  high  pressure  subduction  terranes 
(Helmstaedt  and  Schulze,  1988;  1991).  Re-Os  model  ages  for  the  metabasic  eclogites  MR23,  MR22, 
and  MR21  suggest  that  they  derived  from  Phanerozoic  subducted  oceanic  lithosphere,  with  Tma  of 
402.4,  334.1,  and  205.1  Ma,  respectively  (Table  1).  An  early  Mesozoic  age  for  MR21  suggests  that 
it  is  very  likely  a  fragment  of  the  subducted  and  eclogitised  Farallon  Plate,  as  the  oldest  sea  floor  in 
the  Pacific  Plate  (a  mirror  image  of  the  Farallon  Plate)  is  about  200  Ma.  These  data  support  the 
original  hypothesis  of  Helmstaedt  and  Doig  (1975),  that  the  Farallon  Plate  is  represented  in  the 
Colorado  Plateau  eclogite  suite.  Samples  MR22  and  MR23  sare  interpreted  to  represent  remnants  of 
earlier  Phanerozoic  subduction  beneath  North  America. 

Metabasic  eclogite  MR51,  has  a  Proterozoic  model  age  of  1344  Ma,  similar  to  the  Re-Os  model  age 
obtained  for  a  Colorado  Plateau  websterite  from  a  latite  igneous  host  (1337  Ma;  Esperan?a  et  al., 
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1997).  The  data  support  an  earlier  event  that  could  explain  magmatism  in  southwestern  North 
America  at  -1.4  Ga  (Esperanga  et  al.,  1997). 


Table  1.  Re-Os  data  for  eclogites  from  the  Colorado  Plateau. 


sample 

Re,  ppb 

Os,  ppb 

187Re/1880s 

1870s/1S80s 

Tma 

metabasic  eciogite 

MR21 

1.447 

0.105 

68.4 

±0.1 

0.3616 

±0.0004 

205 

MR22 

0.769 

0.048 

82.7 

±0.6 

0.682 

±0.002 

402 

MR23 

1.055 

0.331 

15.5 

±0.03 

0.2131 

±0.0005 

334 

MR51 

0.139 

0.064 

10.8 

±0.23 

0.365 

±0.002 

1344 

jadeite-clinopyroxenite 

MR24 

0.181 

0.318 

2.79 

±0.04 

0.2202 

±0.0004 

2278 

Tma  determined  using  X  =  1.666xl0-11  (Smoliar  et  al.,  1996),  1870s/1880s  =  0.1287,  and 
187Re/1880s  =  0.4243  (Meisel  and  Walker,  1996).  Reported  uncertainties  are  2a. 


Garnet  websterite  MR24,  with  a  Tma  of  2278  Ma,  is  older  than  known  basement  rocks  in  the  region, 
and  with  a  lack  of  igneous  textural  and  chemical  characteristics,  could  represent  early  subducted 
material  that  has  since  been  isolated  from  subsequent  igneous  modification.  A  strikingly  similar  model 
age  of  2310  Ma  was  obtained  for  an  eciogite  by  Esperan9a  et  al.,  (1997).  Interestingly,  the  remaining 
few  eclogites  analysed  by  Espera^a  et  al.,  (1997)  are  also  Proterozoic  (901,  759,  785,  825  Ma).  We 
attribute  this  difference  to  our  emphasis  on  analysing  eclogites  with  high  sulphide  contents  as  the  best 
candidates  for  subducted  Phanerozoic  oceanic  lithosphere.  However,  when  all  the  Re-Os  isotope  data 
are  considered,  they  represent  a  record  of  subduction  of  oceanic  lithosphere  beneath  North  America 
that  persisted  for  nearly  2  Ga. 
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1.  Introduction 

Evidence  that  the  presence  of  kimberlite  fields  can  be  determined  from  peculiarities  in  the  structure, 
lithology  and  composition  of  postkimberlite  sediments  is  based  on  extensive  date  gathered  during 
the  study  of  Yakutian  diamondiferous  province  in  Siberia.  The  theoretical  precondition  to  offered 
elaboration  is  the  location  of  diamond-bearing  kimberlites  in  the  areas  of  archonic  cratonisation. 
During  platform  stage  these  areas  were  stable  and  characterized  by  a  conservative  type  of  evolution. 
It  results  in  specific  features  of  volcanogenic-sedimentary  cover,  including  its  upper  (postkimber¬ 
lite)  sedimentary  horizons. 

The  epochs  of  kimberlite  manifestation  correspond  to  stratigraphical  breaks  and  last  weathering 
of  the  territories.  (Brakhfogel,  1984).  After  that  thin  rhythmic  sedimentation  gradually  covered  all 
territory  surround  kimberlite  field.  Thin  fine-rhythmic  series  with  a  lot  of  small-amplitude  cy- 
clothems  formed  in  field  vicinities.  Coarse-clastic  bed  containing  clay  products  of  weathering  zone 
which  are  normal  for  the  low  levels  of  these  cyclothems  show  proximity  of  removal  areas.  The  areas 
of  thin  continental  sediments  are  the  favourable  for  detection  of  buried  kimberlites. 

2.  Reflection  of  the  field  in  postkimberlite  sediments 

2.1.  Peculiarities  of  postkimberlite  sediments 

Immediately  adjacent  to  the  kimberlite  fields,  there  are  normally  several  horizons  showing  elevated 
concentration  of  kimberlitic  minerals  in  postkimberlite  cyclothems.  These  can  often  cover  an  exten¬ 
sive  rang  of  stratigraphic  levels  within  a  particular  supergroup,  a  phenomenon  that  results  from  the 
long  term  erosion  of  kimberlite  fields  which  generally  tend  to  be  associated  with  paleo-updoming. 
This  would  ensure  a  continuos  supply  of  the  products  of  kimberlite  erosion  over  a  prolonged  period 
with  input  to  the  terrigeniuos  reservoir  rocks.  Concentration  of  kimberlitic  minerals  tend  to  be  lo¬ 
calised  within  areas  where  their  hosts  overlie  kimberlite  country  rock  showing  dissected  paleo-re- 
lief. 

Lithological  heterogeneity  and  polyfaciesty  of  rocks  containing  kimberlitic  minerals  is  the  sec¬ 
ond  significant  reflection  of  kimberlite  field  in  postkimberlit  sediments.  Elevated  concentration  of 
kimberlitic  minerals  are  noted  in  fine-grained  sediments  as  well  as  in  coars  elastics  in  the  vicinity  of 
there  source.  Indicator  minerals  can  occur  within  proximal  facies  of  there  hosts  both  continental  and 
coastal  genesis.  (Taranenko  et.al.,  1983;  Saltykov  et.  al.,  1991;  Finshtein,  1981).  The  common  dis¬ 
tinctive  feature  of  postkimberlite  cyclothems  adjacent  to  the  field  is  the  occurrence  in  them  attrib¬ 
utes  of  proximity  with  removal  areas.  Continental  deposits  (alluvials,  shallow-water  streams  prolu¬ 
vial,  etc.)  are  commonly  noted  for  their  poor  sorting  and  poor  rounding  of  their  constituent  particles, 
variation  of  granulometric  composition.  Basin  (coastal)  deposits  (near-shore,  beach,  logoonal, 
shallaw-water,  etc.)  contain  both  well  rounded  and  sub-angular  particles.  Occurrence  of  kimberlitic 
mineral  aureoles  in  proximal  continental  deposits  as  well  as  there  large  size  exceed  that  of  host  ba¬ 
sin  matrix  are  the  most  persuasive  evidence  of  the  presence  of  kimberlite  field. 

2.2.  Distribution  of  kimberlitic  minerals  in  the  postkimberlite  reservoir  rocks 

Heterogeneous  distribution  and  the  typomorhic  diversity  of  kimberlitic  minerals  in  the  terrigeniuos 
reservoir  rocks  provide  evidence  of  the  proximity  of  the  field.  Kimberlitic  mineral  aureoles  in  post¬ 
kimberlite  reservoirs  adjacent  to  kimberlite  fields  are,  as  a  rule  noted  for  the  high  concentrations  of 
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minerals,  a  polymineralic  suite,  poor  sorting  and  the  presence  of  slightly  abraded  kimberlitic  miner¬ 
als,  especially  those  which  cannot  survive  long  tansport.  Kimberlite  mineral  concentrations  can 
range  from  tens  to  thousands  of  grains  per  10  litre  sample,  with  individual  sizes  of  grains  varying 
from  decimals  of  a  millimeter  to  6  mm.  the  proportion  of  grains  exceeding  1  mm  is  generally  10- 
20%,  with  fine  grains  prevailing  (Afanasiev  and  Zinchuk,  1987;  Kharkiv,  1978).  Proximal  aureoles 
are  characterized  by  a  polymineralic  range  representing  all  (or  at  least  the  majority)  of  those  present 
in  the  source.  These  are  normally  pyrope,  picroilmenite,  chrome  spinel  and  chrome  diopsid.  Other 
minerals  such  as  olivine  and  zircon  are  also  recorded  along  with  occasional  fragments  of  kimberlite 
and  mineral  intergrowths  and  certain  low  density  minerals.  With  increasing  distance  of  transport, 
aureoles  are  transformed  from  polymineralic  to  monomineralic  assemblages.  The  ratio  of  garnet  to 
ilmenite  is  an  important  factor  in  this  respect.  The  latter,  being  heavier,  settle  out  at  relatively  short 
distances  from  their  source.  This  leads  to  a  decreasing  proportion  of  ilmenites  as  one  moves  away 
from  the  source,  until  eventually  only  garnet  is  recovered.  The  composition  and  colour  of  the  garnet 
population  also  changes.  Proximal  sediments  display  the  entire  colour  range,  from  orange  to  dark 
violet,  and  both  a  high  and  low  chrome  content.  With  increasing  distance  from  source  the  colour 
becomes  dominated  by  violet  grains,  these  being  the  most  stable  during  transport.  A  characteristic 
feature  of  proximity  to  source  is  the  anomalous  presence  of  minerals  which  cannot  survive  long 
transport,  such  as  fractured  garnets,  ilmenites  showing  aggregate  structures,  etc. 

Another  significant  feature  is  an  irregular  pattern  of  anomalous  mineral  distribution  often  sepa¬ 
rated  by  areas  in  which  no  minerals  occur.  This  especially  meaningful  if  accompanied  by  large 
grains  and  typomorphic  diversity. 

3.  Discussion  of  the  model  by  the  example  of  Middle  Paleozoic  Mirney  field 

The  model  is  substantiated  by  an  examination  of  the  area  around  the  Mirney  kimberlite  field  up  to  a 
distance  of  around  70  to  100  km  from  its  center.  The  Late  Paleozoic  and  Mesozoic  reservoirs  rocks 
with  kimberlitic  minerals  occur.  Kimberlitic  mineral  host  sediments  close  to  the  kimberlite  fields 
are  noted  for  their  significant  lithological  and  facies  diversity,  the  patchy  distribution  of  kimberlitic 
minerals  within  them  and  the  association  between  kimberlitic  minerals  and  basal  horizons  in  contact 
with  the  kimberlite  country  rocks.  The  kimberlitic  minerals,  furthermore,  display  high  concentra¬ 
tions  and  morphological  diversity  close  to  their  sources. 

3.1.  Upper  Paleozoic  sequence 

During  Late  Paleozoic  kimberlitic  materials  were  transported  mainly  north-east.  Five  thin  strati¬ 
graphic  horizons  (cyclothems)  contain  kimberlitic  minerals  in  the  Upper  Paleozoic  sequence.  Two 
horizons  were  formed  in  the  Middle  Carboniferous;  two  more  in  the  Late  Carboniferous  -  Early 
Permian;  and  the  last  in  Late  Permian.  Continental  (alluvial  talus  formations)  and  basin  (beaches, 
mobile  shoals,  etc.)  environments  are  represented  (  Afanasiev  and  Zinchuk,  1987;  Saltykov  and  Er- 
inchek,  1992).  High  concentrations  of  kimberlitic  minerals  are  reported  in  the  oldest  (continental) 
and  second  youngest  (basin)  basal  sediments. 

The  highest  concentrations  of  kimberlitic  minerals  are  recorded  close  to  the  field.  They  are  con¬ 
fined  to  conglomerates,  pebblestones,  gritsones,  sandy  formations  with  occasional  pebbles  and 
gravel.  Here  kimberlitic  mineral  counts  reached  thousands  (up  to  12  000)  of  grains  per  10  litre  sam¬ 
ple.  Average  values  in  this  region  are,  however,  closer  to  50-200  grains  per  sample,  with  individual 
grains  measuring  up  to  4  mm  (and  sometimes  8  mm)  although  small  grains  predominate.  Slightly 
abraded  grains  are  common  together  with  those  components  which  are  not  able  to  withstand  long 
transport.  The  lateral  and  vertical  distribution  of  kimberlitic  minerals  is  irregular. 

3.2.  Mesozoic  sequence 

During  the  Mesozoic  stage  of  its  evolution,  the  Mirney  field,  which  lies  within  the  limits  of  a  large 
palaeo-rise,  contributed  kimberlitic  minerals  to  the  Early  Mesozoic  sediments  accumulating  within 
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the  field  and  outside  of  it.  During  this  time  materials  were  transported  mainly  south  and  south- 
eastwards.  Aureoles  of  kimberlitic  minerals  were  formed  adjacent  to  the  kimberlite  field  in  five 
basal  horizons  emplaced  between  the  Late  Triassic  and  the  Early  Jurassic.  Within  the  first  three 
formations,  kimberlitic  mineral  concentrations  are  greatest  in  continental  sediments  (alluvial, 
proluvial  and  talus  facies)  within  30^10  kms  of  the  kimberlite  field  (Saltykov  and  Erinchek,  1992). 
Basin  sediments  of  the  upper  two  formations  are  noted  for  their  low  concentrations  of  kimberlitic 
minerals.  In  areas  immediately  adjacent  to  the  kimberlite  pipes,  kimberlitic  mineral  compositions 
are  similar  to  those  in  the  source  rocks  and  the  aureoles  can  be  directly  correlated  with  their  source. 
Individual  features  of  kimberlitic  minerals  far  removed  from  their  source  rocks  become  difficult  to 
recognize  and  the  assemblage  of  kimberlitic  minerals  becomes  more  homogeneous.  The  degree  of 
abrasion  of  the  kimberlitic  minerals  also  changes  markedly.  Close  to  the  pipes,  the  heavy  concen¬ 
trates  are  dominated  by  well  preserved  minerals,  with  fractured  pyropes  and  ilmenites  with  aggre¬ 
gate  structures  making  up  to  25%  of  the  total.  The  percentage  of  kimberlitic  minerals  showing  little 
wear  decreases  rapidly  and  this  can  be  seen  at  distances  of  only  5-10  kms.  The  proportion  of  unsta¬ 
ble  minerals  is  very  low  and  often  absent.  Since  the  Mesozoic,  kimberlitic  mineral  aureoles  formed 
mainly  under  continental  conditions  with  highest  concentrations  only  recorded  adjacent  to  the  pipes, 
with  a  rapid  fall  off  with  increasing  distance. 

4.  Conclusion 

The  above  formulates,  for  the  first  time,  the  relationships  between  kimberlite  fields  and  the  resulting 
distribution  of  kimberlitic  minerals  in  the  associated  postkimberlite  terrigenous  reservoirs.  This 
model  provides:  (1)  .  thin  fine-rhythmic  postkimberlite  series  with  a  lot  of  small-amplitude  cy- 
clothems;  (2)  several  stratigrafic  levels  showing  elevated  concentration  of  kimberlitic  minerals;  (3) 
lithological  heterogeneity  and  polyfaciesty  of  reservoir  rocks  with  predominant  occurrence  of  kim¬ 
berlitic  minerals  in  proximal  facies;  (4)  variation  of  the  kimberlitic  minerals  concentration  with  ar¬ 
eas  of  abnomaly  high  concentrations  of  minerals;  (5)  heterogeneous  distribution  and  the  typomorhic 
diversity  of  kimberlitic  minerals.  This  set  of  feature  allow  to  determine  kimberlite  fields  even  if  they 
are  buried. 
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Introduction 

For  a  study  of  natural  diamonds  internal  structure,  such  methods  as  birefringence  and 
Schlieren  micrography.  X-ray  diffraction  topography,  the  etching  of  surface,  ultraviolet 
absorption,  as  well  as  photo-  and  cathodoluminescence  topography  have  been  applied. 
Cathodoluminescence  (CL)  topography  became  recently  one  of  the  most  frequently  employed 
technique.  To  obtain  CL-pattem  it  is  usually  utilized  defocused  electron  beam  flooding  the 
diamond  plate  surface,  which  is  optically  imaged  on  photographic  film.  In  this  report 
advantages  of  application  of  focused  electron  beam  operating  in  scanning  mode  in  electron 
microscope  (SEM)  with  color  TV-display  of  video  information  are  consem. 

Technique  description 

We  offer  a  new  developed  version  CL-technique  nondistorted  by  relief  influence  and  color 
CL-SEM  images  with  composite  black/wite  and  color  contrasts  (Obyden  et  al.  1997)  which  is 
based  on  the  CL-system  described  earlier  (Saparin  and  Obyden,  1988).  In  this  case  the  SEM 
synthesises  an  image  presenting  independent  color  CL  contrast  and  microtopography 
simultaneously.  This  technique  is  more  flexible  technique  for  CL-topography  investigation 
uses  the  SEM  operating  in  CL-mode  and  especially  in  color  CL  (CCL)  -  mode  as  well  as 
backscattered  electrons  (BSE)-mode  forming  black/white  component  of  contrast.  The 
(CCL+BSE)-SEM  technique  was  designed  for  the  localization  of  the  space  distribution  of 
trace  impurity  concentration  and  structural  defects  in  luminescent  media.  It  offers  a  highly 
sensitive  technique  for  qualitative  and  quantitative  luminescence  analysis  of  materials  and 
devices  with  high  spatial  resolution  (about  0.2-0. 5  pm).  The  image  on  the  monitor  screen  is 
formed  by  real  colors  (not  color  coding!)  in  accordance  with  the  local  CL-spectrum  for  each 
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pixel  in  wave  length  interval  400-800  nm.  This  color  contrast  technique  is  a  unique  way  for 
quick  presentation  of  CL  spectra  distribution  over  specimen  surface  (  in  particular  512x512 
pixels  x  32  bit/pixel  x  6s).  Above  mentioned  method  is  contactless  technique  and  allows  to 
study  of  physical  and  optical  properties  of  the  materials  without  destruction  of  the  specimen 
under  investigation.  The  sensitivity  of  CL  method  to  impurities  is  characterized  by  the 
detection  limit  of  the  concentration  about  10 14  cm'3.  (CCL+BSE)  image  has  an  information 
capacity  in  over  100  times  more  than  black/white  CL-images  .  Apart  high  resolution 
capability,  the  technique  provide  wide  range  of  magnification,  from  5X  to  100K,  permiting 
study  both  common  view  of  sample  surface  and  certain  fine-scale  details  of  interest. 
Unfortunately,  for  the  study  of  bulk  crystal  internal  structure  by  this  technique  it  is  necessary 
to  cut  the  plates  from  the  crystrals  (or  select  cut  stone),  because  the  CL-emission  is  exited  by 
20  kV  electrons  only  from  the  surface  layers  about  3  n  m  in  thickness. 


Results 

For  analysis  of  growth  defects  in  detail,  set  of  30  plates  cut  from  natural  diamonds  from 
Yakutian  deposits  (Russia)  were  selected  for  low  level  of  long-range  elastic  strains  and  post¬ 
growth  deformation  defects.  These  strains  and  deformation  defects,  which  were  occured  in 
the  most  of  natural  diamonds  during  their  transportation  from  the  Mantle  to  the  Earth  surface 
by  kemberlites,  interfere  with  study  of  the  growth  defects. 

Application  of  CL  topography  to  investigation  of  diamond  plates  revealed  that  a  lot  of 
natural  crystals  grew  on  micro-diamond  seeds.  Some  seeds  appear  to  be  of  irregular  round 
form,  another  ones  are  characterized  by  crystallographic  form  with  very  complex  banding. 
Sometimes  growing  together  of  two  seeds  was  observed. 

It  was  shown,  that  usually  diamond  crystals  exibit  very  complex  growth  stratigraphy.  Flat  as 
well  as  curving  growth  layers  was  observed.  In  octahedral  sectors  it  were  fixed  both  flat  and 
curving  layers,  but  in  cubic  sectors  only  curving  ones.  Within  some  crystals  an  alternation  of 
flat  and  curving  bands  was  detected. 

In  accordance  with  previous  work  (  Lang,  1979  ),  it  was  established  that  the  common  feature 
of  growth  sector  configuration  of  most  diamonds  is  original  mixed  development  of  (111) 
and  (100)  forms  with  growth  out  of  the  later  at  the  final  stage.  Nevertheless,  much  more 
complex  cases  were  discovered.  In  particular,  in  one  crystal  inspected,  a  growth  history  was 
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disclosed  as  following:  round  seed  =>  cube  =>  octahedron  =>  cubo-octahedron  => 
octahedron.  This  sequences  reflect  the  evolution  of  growth  conditions. 

It  is  possible  to  suggest,  that  the  study  of  representative  collection  of  diamond  crystals  may 
provide  more  complete  data  on  processes  of  their  nucleation  and  growth  within  Upper  Mantle 
depths.  Comparison  of  internal  structures  of  natural  and  synthetic  stones  may  be  utilized  as  a 
criterion  for  their  identification. 
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Constraining  the  thermal  history  of  an  Archean  craton:  U-Pb 
thermochronology  of  lower  crustal  xenoliths  from  the  Kaapvaal  craton, 

southern  Africa 
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High  precision  TIMS  U-Pb  zircon  geochronology  and  accessory  phase  thermochronology  of  mid-  to 
lower  crustal  xenoliths  erupted  in  Cretaceous  kimberlites  have  been  used  to  explore  crustal  structure 
and  the  thermal  history  of  the  Kaapvaal  Craton  of  southern  Africa.  High-spatial  resolution 
compositional  data  from  back-scattered  electron  (BSE)  and  cathodoluminescence  (CL)  imaging  are 
used  to  infer  crystal  growth  histories  and  guide  selective  microsampling.  Analysis  of  single  grains 
and  grain  fragments  have  been  used  to  unravel  the  complex  thermal  histories  preserved  within  these 
xenoliths.  Zircon,  monazite,  and  rutile  U-Pb  dates  are  interpreted  in  light  of  petrologic  and 
petrographic  data  on  accessory  phase  crystallization,  dissolution  and  reprecipitation  during 
metamorphic  reactions,  as  well  as  the  kinetics  of  diffusion  and  annealing  of  the  various  mineral 
lattices. 

Xenoliths  from  the  south-western  margin  of  the  Kaapvaal  craton  were  examined  to  address 
questions  regarding  the  age  and  structure  of  the  suture  between  the  Archean  Kaapvaal  and  the 
bounding  Proterozoic  Namaqua-Natal  mobile  belt.  Xenolith  geochronology  and  thermochronology 
also  provide  information  on  the  time-scales  of  decay  of  transient  geotherms  related  to  crustal  growth 
and  accretion,  development  of  ambient  continental  geotherms,  and  the  thermal  state  of  the  crust  at 
the  time  of  kimberlite  entrainment.  High-grade  felsic  gneiss  and  amphibolites  from  the  Markt, 
Lovedale,  and  Klipfontein  “Karoo”  kimberlites  have  preliminary  zircon  protolith  ages  ca.  1.8  and 
1 .2  Ga,  correlative  with  rocks  from  the  craton-bounding  Kheis  and  Namaqualand  terrains.  They 
also  record  complex  metamorphic  histories  through  zircon  growth  at  ca.  1.1,  0.95  and  0.25  Ga.  In 
contrast  to  these  mid-crustal  Proterozoic  rocks,  minute  ovoid  multifaceted  zircons  separated  from  an 
eclogite  xenolith  from  the  Lovedale  kimberlite  yield  a  discordia  array  most  easily  interpreted  by 
crystallization  of  the  zircons  at  2.64  Ga  which  were  subsequently  affected  by  recent  Pb  loss,  perhaps 
during  partial  melting  of  the  eclogite  during  kimberlite  emplacement.  These  eclogitic  zircons 
provide  the  first  direct  geochronological  evidence  of  Archean  lower  crust  in  this  portion  of  the 
craton. 

Rutile  in  garnet  granulites  from  the  Markt  and  Lovedale  kimberlites  yield  dates  within  error 
of  the  age  of  kimberlite  emplacement.  Considering  the  preservation  of  ancient  Pb  in  rutile  from 
other  kimberlite-entrained  xenoliths,  we  consider  it  unlikely  that  these  data  represent  complete 
resetting  of  the  mineral  isotopic  system  during  kimberlite  magmatism.  Rather  these  data  are 
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interpreted  as  recording  an  elevated  crustal  geotherm  at  the  Kaapvaal  margin  relative  to  the  interior 
"cratonic"  geotherm  during  the  Cretaceous. 

Sapphirine  granulite  xenoliths  from  the  central  Kaapvaal  (Lace  &  Voorspoed  kimberlites) 
contain  abundant  zircon,  monazite,  and  rutile.  In  CL  images,  zircons  exhibit  complex  "mosaic" 
zonation  suggesting  severe  recrystallization;  these  zircons  yield  concordant  dates  at  2723  Ma. 
Monazites  yield  variably  discordant  data  with  207Pb/206Pb  dates  from  2562  to  2723  Ma,  and  together 
form  a  linear  array  with  approximate  upper  and  lower  intercepts  of  2.72  and  1.2  Ga  respectively. 
The  zircon  and  monazite  data  are  interpreted  as  recording  ultra-high  temperature  metamorphism  of 
the  protoliths  to  the  sapphirine  granulites  at  2.72  Ga. 

Rutile  in  the  sapphirine  granulites  contain  zircon  exsolution  lamellae  (Figures  A  &  B),  only 
the  second  known  occurrence  of  this  phenomenon;  this  unique  reaction  provides  two  precise 
chronometers  with  which  to  explore  the  thermal  evolution  of  the  deep  crust.  Unlike  interstitial 
zircon  and  monazite  which  record  high-temperature  metamorphism  at  2.72  Ga,  zircon  lamellae 
mechanically  separated  from  rutile  yield  variably  discordant  data  forming  an  array  with 
approximate  upper  and  lower  intercepts  of  2.52  Ga  and  1 .1  Ga  respectively.  We  interpret  these  data 
as  recording  the  timing  of  unmixing  of  zircon  from  -rutile.  Also,  clear  visual  evidence  for  growth 
and  coarsening  of  the  exsolution  lamellae  combined  with  the  scatter  in  the  exsolved  zircon  age  data 
beyond  analytical  uncertainty  may  indicate  a  prolonged  period  of  time  during  which  this  exsolution 
reaction  took  place  (i.e.  tens  of  millions  of  years).  Further  constraints  on  the  thermodynamic  and 
kinetic  mechanisms  of  this  exsolution  reaction  are  needed  before  the  significance  of  the  zircon 
exsolution  age  can  be  fully  assessed;  knowledge  of  the  temperature-  and/or  pressure-sensitivity  of 
unmixing  could  lead  to  constraints  on  the  cooling  and/or  uplift  history  of  the  craton. 

The  rutile  grains  hosting  the  exsolved  zircon  have  also  been  analyzed;  single  rutile  grains 
yield  an  array  of  discordant  data  with  207Pb/206Pb  dates  ranging  from  1152  to  1906  Ma. 
Interpretation  of  this  data  requires  distinguishing  and  quantifying  the  effects  of:  1)  mixing  of 
radiogenic  Pb  in  the  rutile  with  Pb  of  Archean  heritage  locked  in  the  exsolved  zircon;  2)  volume  and 
short-circuit  diffusional  transport  of  Pb  in  the  rutile  lattice  throughout  the  cooling  history  of  the 
sample;  and  3)  possible  recent  Pb-loss  during  entrainment  of  the  xenolith  by  the  kimberlite  and 
subsequent  residence  at  the  surface  since  the  Late  Cretaceous.  The  array  of  rutile  ages  clearly 
indicate  prolonged  open-system  behaviour  of  Pb  within  the  rutile.  Further  work  to  constrain  the 
cooling  history  which  produced  the  rutile  age  spectrum  is  underway.  Specifically  we  hope  to 
distinguish  whether  this  mineral-isotopic  system  is  preserving  a  record  of  slow  cooling  within  the 
deep  crust,  or  alternatively  has  been  partially  reset  by  a  Proterozoic  thermal  event.  Whichever 
process  ultimately  serves  to  explain  the  young  rutile  ages,  the  data  indicate  that  the  deep  crust  of  the 
central  Kaapvaal  cooled  through  the  closure  temperature  of  rutile  (nominally  400°  C)  over  1  billion 
years  ago.  U-Pb  thermochronologic  investigations  of  crustal  xenoliths  thus  provide  independent 
confirmation  of  thermal  models  for  the  lower  crust  of  cratons  and  hold  promise  for  mapping  the 
thermal  evolution  of  the  continents  in  time  and  space. 
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Figures  A  &  B:  Two  back-scattered  electron  images  of  zircon-rutile  intergrowth  phenomena 
in  sapphirine  granulite  xenoliths  from  the  Lace  and  Voorspoed  kimberlites,  which  are 
interpreted  as  zircon  exsolution  from  rutile.  A:  extremely  fine  needles  of  zircon  (bright 
phase)  are  pervasive  throughout  the  host  rutile  (dark  phase),  and  oriented  along  three 
crystallographic  planes.  B:  coarsened  tablets  of  zircon  within  the  center  of  a  rutile  grain 
which  is  otherwise  clear  of  fine  lamellae.  Grains  (not  shown)  with  transitional  morphologies 
between  A  and  B  are  also  observed,  suggesting  growth  and  coarsening  of  lamellae  over  the 
course  of  the  unmixing.  White  scale  bar  in  both  images  is  100  pm  in  length. 
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Significance  of  Oxygen  Isotope  Variations  in  the  Cr-Poor  Megacryst  Suite 
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Oxygen  isotope  studies  of  basalts  and  ultramafic  xenoliths  have  provided  constraints  on  the  origin  and 
evolution  of  Earth’s  mantle.  Recent  advances  using  laser  fluorination  (LF)  analysis,  however,  have 
shown  that  many  of  the  complexities  and  anomalies  identified  in  some  of  the  earlier  studies  using 
conventional  fluorination  methods  are  artifacts  of  analytical  techniques  and/or  contamination.  The 
oxygen  isotope  geochemistry  of  the  upper  mantle,  as  revealed  by  LF  studies  of  peridotite  xenoliths  and 
phenocrysts  in  oceanic  basalts,  is  much  less  complex  than  previously  recognized  (e.g.  Mattey  et  al., 
1994a,  b).  The  real  oxygen  isotope  anomalies  (confirmed  by  LF)  that  do  exist  in  some  mantle  materials, 
such  as  certain  eclogites  (Jacob  et  al.,  1994;  Mattey  et  al.,  1994a)  and  EM2  basalts  (Eiler  et  al.,  1997), 
are  thus  more  highly  significant  than  might  have  been  appreciated  in  the  past. 

Using  LF,  we  have  studied  the  oxygen  isotope  composition  of  Cr-poor  megacrysts  from  kimberlite, 
which  are  high-pressure  crystallization  products  of  their  host  kimberlite  or  related  magmas  (Smith  et 
al.,  1995).  High  equilibration  temperatures  of  Cr-poor  megacrysts  (typically  1000-1400°C)  indicate 
that  oxygen  isotope  fractionation  between  megacrysts  and  parent  liquid  is  minimal.  The  oxygen  isotope 
signatures  of  the  megacrysts,  therefore,  reflect  those  of  the  deep  source  rocks  of  the  kimberlite  parent 
magma  (asthenosphere  or  deep  lithosphere),  material  of  deeper  origin  than  most  xenoliths  sampled  by 
kimberlite  on  its  rise  to  the  surface. 

We  have  determined  the  oxygen  isotope  composition  of  120  Cr-poor  garnet  megacrysts  from  22  Group 
I  kimberlites  in  southern  Africa,  North  America,  Australia  and  Greenland  and  from  4  Group  II 
kimberlites  from  southern  Africa.  For  purposes  of  comparison  we  have  also  analyzed  garnets  from  25 
peridotites  from  kimberlites  in  North  America  and  South  Africa,  and  from  16  eclogites,  mostly 
coesite-bearing  varieties  from  South  Africa. 

Mean  values  of  oxygen  isotope  compositions  of  36  megacrysts  from  1 1  Group  I  kimberlites  in  North 
America  and  45  megacrysts  from  9  South  African  Group  I  kimberlites  are  indistinguishable,  with  values 
of  5.26%ov_SMOW  (standard  deviation  (a)  =  0.16,  standard  error  (S.E.)  =  0.03)  and  5.31%ov.Smow  (°  = 
0. 14,  S.E.  =  0.02),  respectively  (Fig.  1).  The  North  American  data  appear  to  have  a  bimodal  distribution 
and  the  southern  African  megacryst  data  display  a  negative  skewness.  Six  garnet  megacrysts  from  Pine 
Creek,  Australia  have  a  mean  6180  value  of  5.25%ov_SMOW  (a  =  0.05,  S.E.  =  0.02),  and  two  megacryst 
garnets  from  West  Greenland  have  a  mean  value  of  5.29%o.  In  contrast,  3 1  garnet  megacrysts  from  four 
Group  II  kimberlites  in  southern  Africa  are  enriched  in  lsO  (mean  618Ovsmow  =  5.58%c,  o  =  0. 15,  S.E. 
=  0.02). 

Although  the  first  order  observations  are  the  relative  homogeneity  of  Group  I  garnet  megacrysts, 
worldwide,  and  that  Group  II  garnet  megacrysts  are  significantly  different  from  the  Group  I  suite,  local 
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inhomogeneities  appear  to  exist  in  both  groups.  For  example,  two  populations  exist  in  the  Group  II 
kimberlites.  For  Lace  and  Driekoppies  the  mean  is  618Ovsmow  =  5.52%o,  a  =  0.09,  S.E.  =  0.02  and  the 
mean  for  Monteleo  and  Dokolwayo  is  618OVSMow  =  5.68%o,  o  =  0.16,  S.E.  =  0.05,  which  do  not  overlap 
at  the  95%  confidence  interval.  Similarly,  some  Group  I  garnet  populations  have  restricted, 
non-overlapping  ranges  in  6lsO  (e.g.,  Iron  Mt.,  Wyoming  garnets  are  in  the  range  5.05-5.26%o,  whereas 
Kelsey  Lake,  Colorado  garnets  are  in  the  range  5.29-5.46%c).  Although  a  homogeneous  source  is 
suggested  by  such  populations  with  small  ranges  that  correspond  to  analytical  uncertainty  in  the 
standard  (a  -  0.07),  other  populations  with  ranges  that  significantly  exceed  analytical  uncertainty 
appear  to  represent  parent  magma  derivation  from  inhomogeneous  sources.  Large  ranges  in  6lsO  are 
found  at  Hamilton  Branch,  Kentucky  (4.96-5.37%c),  Sloan,  Colorado  (5.02-5.41%o),  Jagersfontein,  S. 
Africa  (4.96-5.43%c)  and  Group  II  Monteleo,  S.  Africa  (5.36-5.92%c). 

Garnets  from  25  peridotite  xenoliths'from  kimberlites  in  North  America  and  South  Africa  have  a  mean 
value  of  §180Vsmow  =  5.15%o,  a  =  0.17,  S.E.  =  0.03.  Values  of  618OvSMOw  for  garnets  from  16  eclogites 
from  Southern  Africa  are  quite  variable  and  in  the  wide  range  3.42-7.25%.  Within  this  group,  eight 
Group  I  coesite-bearing  eclogites  from  the  Roberts  Victor  Mine  are  in  the  range  5.32  -  6.84%o,  with  a 
mean  value  of  5.96%o,  o  =  0.44,  S.E.  =  0.16. 

These  data  show  that  the  oxygen  isotope  signatures  of  Cr-poor  garnet  megacrysts  from  Group  I 
kimberlites,  world-wide  (mean  value  of  5.28%ovSmow)>  are  in  general  remarkably  uniform,  similar  to 
data  for  garnet  peridotites  (this  study  and  Mattey,  1994a),  and  significantly  different  from  those  of 
Group  II  kimberlites.  The  small  positive  S18Oga-ol  value  of  approximately  0.1  %c  (Mattey  et  al.,  1994a) 
indicates  that  the  megacryst  garnet  values  are  equivalent  to  the  average  oxygen  isotope  composition  of 
olivines  from  lithosphere  peridotites  (618Ovsmow  =  5.19+/-0.26 %c,  Mattey  et  al.,  1994b).  Eiler  et  al. 
(1997)  have  reported  similar  S180  values  for  olivines  from  most  mid-ocean  ridge  and  ocean  island 
basalts  (in  the  range  5.0  -  5.4  %o).  Thus  the  bulk  of  asthenospheric  and  lithospheric  mantle  peridotite 
is  apparently  uniform  in  oxygen  isotope  composition  on  a  regional  scale. 

Our  data  are  consistent  with  derivation  of  Group  I  kimberlite  magmas  from  lithospheric  mantle  having 
approximately  "normal"  oxygen  isotope  composition,  with  no  detectable  involvement  of  subducted 
crustal  material.  Smith  et  al.  (1995)  suggested  that  this  source  corresponds  to  the  HXMU  reservoir.  The 
fact  that  olivines  phenocrysts  in  HIMU  basalts  have  S180  values  that  range  from  "normal"  to  slightly 
low  (4.92-5.22%c,  mean  =  5.03,  a  =  0.11;  Eiler  et  al.,  1997)  and  our  Group  I  data  are  bimodal  or 
negatively  skewed  (Fig.  1)  is  consistent  with  a  HIMU  source  for  the  megacrysts. 

Anomalously  high  S180  values,  similar  to  those  of  the  Group  II  garnet  megacrysts  have  been 
documented  in  oceanic  regions  in  olivine  phenocrysts  from  EM2  ocean  island  basalts,  which  have 
618OVSmow  values  of  5.6%o,  a  =  0.21,  SE  =  0.06,  (Eiler  et  al.,  1997).  The  elevated  6lsO  of  the  EM2 
basalts  is  thought  to  reflect  bulk  incorporation  of  subducted  pelagic  and/or  terrigenous  sediments  in  the 
mantle  source  of  these  basalts  (Eiler  et  al.,  1997). 

An  equivalent  source  of  subducted  metasediments  with  high  6lsO  values  that  might,  through  partial 
melting,  contribute  to  the  anomalous  oxygen  isotope  signature  of  the  source  of  the  Group  II  megacrysts 
is  not  evident  in  the  mantle  xenolith  population.  Elevated  6180  values  are  known,  however,  from  Group 
I  eclogite  xenoliths  from  kimberlites,  a  characteristic  that,  in  part,  has  lead  to  interpretation  of  these 
eclogites  as  subducted  altered  oceanic  crust.  Oxygen  isotope  values  of  garnets  from  xenoliths  of 
coesite  eclogites  from  Roberts  Victor  Mine  (considered  to  represent  subducted  ocean  floor  basaltic 
rocks  that  have  not  undergone  partial  melting  -  Schulze  and  Helmstaedt,  1988)  are  in  the  range  5.32  - 
6.84%oVSMOW,  averaging  5.96%o.  Although  bulk  assimilation  of  such  eclogite  during  melting  could 
satisfy  the  oxygen  isotope  constraints  of  Group  II  kimberlites,  it  does  not  explain  Group  II  kimberlite 
minor  and  trace  element  composition,  nor  i?  it  readily  evident  why  only  eclogite  with  elevated  6lsO  is 
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incorporated.  More  likely  is  the  involvement  of  subducted  metasediments  enriched  in  lsO  (despite  their 
absence  in  xenolith  populations),  whether  through  bulk  assimilation  or  by  metasomatic  enrichment  of 
depleted  lithospheric  peridotite  by  magmas  or  fluids  derived  from  such  sediments. 
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Fig.  1  Oxygen  isotope  composition  of  mantle  garnets 
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Introduction  :  The  Fort  a  la  Come  (FALC)  Cretaceous  (98-94Ma.)  kimberlite  province  was 
discovered  under  100m  of  glacial  overburden  by  Uranerz  Exploration  and  Mining  Ltd.  in  1988 
(Lehnert-Thiel,  et  al.,  1992).  Since  then  evaluation  of  these  bodies  has  been  continuing  with  joint 
venture  partners  Cameco  Corp.,  Monopros  Ltd.  and  Kensington  Resources  Ltd.  The  province  occurs 
80km  east  of  Prince  Albert  in  Saskatchewan  and  includes  at  least  71  magnetically  defined  bodies 
which  range  in  size  to  over  lOOha.  So  far  69  of  these  anomalies  have  been  confirmed  as  kimberlites 
by  drilling.  These  bodies  are  located  in  a  45x3 0km  zone.  Significant  amounts  of  diamonds  have 
been  recovered  but  no  economic  deposits  have  been  found  yet.  This  study  investigated  44  drillholes 
containing  approximately  5km  of  kimberlite  core  from  25  bodies. 

Geological  setting  :  The  kimberlites  were  emplaced  into  poorly  consolidated  Cretaceous  sediments 
comprising  ±100m  of  clayey  fine  material,  silts  and  sandstone  (Mannville  Formation;  ±1 19-100Ma) 
and  ±100m  of  marine  shales  (Ashville  Formation;  ±100-91Ma).  The  Mannville  formed  in  coastal 
marine,  subaerial  flood  plain  and/or  lacustrine  environments.  The  shales  were  deposited  towards  the 
edge  of  the  Western  Interior  Seaway,  a  broad  shallow  epicontinental  sea  with  migrating  shorelines. 
The  Mannville  unconformably  overlies  400m  of  Palaeozoic  sediments  which  are  dominated  by 
indurated  carbonates  below  which  is  the  Precambrian  basement.  The  Cretaceous  sediments  adjacent 
to  the  main  kimberlites  correlate  with  the  regional  stratigraphy  showing  that  they  are  in  situ  and 
undisturbed  (J.  Christopher,  unpublished  report). 

Classification  :  These  bodies  are  classified  as  crater-facies  kimberlites.  No  hypabyssal  or  diatreme- 
facies  rocks  have  been  encountered.  The  FALC  rocks  are  typical  Group  1  kimberlites. 

Crater  size,  shape  and  formation  :  The  FALC  kimberlites  are  shallow  saucer  to  champagne-glass 
shaped  bodies  with  diameters  mainly  of  500  to  1300m  and  depths  ranging  up  to  200m.  The  body 
shapes,  flaring  towards  surface  with  low  depth  to  diameter  ratios,  are  similar  to  maars  and  must 
represent  explosion  craters  excavated  into  only  the  Cretaceous  sediments.  The  lack  of  xenoliths 
within  the  crater  infill  show  that  little  or  none  of  the  resulting  material  was  deposited  back  within 
the  craters.  This  feature  is  comparable  to  maars  where  most  of  the  crater  material  is  deposited  in 
crater  rim  base  surge  deposits.  Based  on  the  nature  of  the  base  surge,  maars  are  generally  considered 
to  result  from  phreatomagmatic  processes.  No  extra-crater  deposits  have  been  found  at  FALC  to 
allow  further  evaluation  of  the  crater  forming  events.  However,  a  porous  sandstone  unit  at  the  base 
of  the  Mannville  is  a  modem  aquifer  which  probably  became  saturated  following  the  marine 
transgression  at  the  beginning  of  the  Ashville.  This  aquifer  is  the  point  from  which  many  of  the 
craters  appear  to  flare.  Also  in  contrast  to  many  of  the  kimberlite  pipes  in  southern  Africa,  there  is 
no  evidence  of  the  development  of  any  diatremes  or  root  zones  (sensu  Field  and  Scott  Smith,  this 
volume  -a)  below  the  craters.  The  unusual  southern  African  diatreme  emplacement  processes  which 
are  driven  by  juvenile  gases  in  a  closed  system  (Field  and  Scott  Smith,  this  volume  -  b)  have  not 
taken  place  at  FALC.  It  is  proposed  that  the  FALC  bodies  were  formed  by  phreatomagmatic  maar- 
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sedimentation  during  a  regression  within  the  upper  Ashville  Formation.  This  suggests  that  the  main 
process  of  deposition  was  pyroclastic  airfall.  Although  the  eruptions  were  predominantly  subaerial, 
there  is  evidence  for  some  subaqueous  deposition  of  the  airfall  material  into  small  volumes  of 
standing  water  which  must  be  crater  lakes. 

The  styles  of  eruption  were  very  variable.  The  less  explosive  activity  ranged  from  Hawaiian  to 
Strombolian-type  eruptions  resulting  in  the  formation  of  amoeboid  lapilli  tuffs  with  bedding  up  to 
perhaps  12- 15m  thick.  Other  much  more  explosive  eruptive  styles  must  be  kimberlite-specific  and 
reflect  the  unusual  properties  of  these  magmas,  mainly  their  low  viscosities  and  high  carbon  dioxide 
contents.  These  eruptions  resulted  from  the  rapid  degassing  of  some  of  the  FALC  magmas  above 
the  vent,  a  process  which  is  the  extrusive  equivalent  of  the  intrusive  diatreme  formation  in  other 
kimberlites.  Similar  pelletal  lapilli  to  those  characteristic  of  diatreme-facies  kimberlites  were 
produced.  These  explosive  eruptions  must  have  formed  high  energy  eruption  columns.  The 
abundant  carbon  dioxide  in  the  eruption  column  derived  from  the  degassing  as  well  as  the  high 
specific  gravity  of  the  clasts  must  have  limited  the  height  of  the  column  and  inhibited  movement  of 
the  pyroclastic  material  from  the  vent  resulting  in  the  formation  of  the  unique  mega-graded  beds 
within  the  craters.  The  unusual  olivine  tuffs  are  thought  to  form  by  the  physical  separation  of  the 
crystals  from  very  low  viscosity  magmas.  Kimberlites,  being  some  of  the  most  crystal-rich  and 
fluidal  magmas  known,  are  good  candidates  for  the  formation  of  such  crystal  tuffs.  The  ash 
produced  in  the  higher  energy  eruptions  was  often  removed,  presumably  by  wind  action. 

Conclusions  :  The  main  FALC  kimberlites  formed  by  two  distinct  processes  :  crater  formation  and 
crater  infilling.  The  crater  formation  is  suggested  to  result  from  maar-like  phreatomagmatic 
processes  with  the  resulting  material  deposited  mainly  as  extra-crater  deposits.  The  craters  were 
subsequently  rapidly  infilled  by  subaerial  primary  pyroclastic  processes  ranging  from  Hawaiian- 
Strombolian  to  a  much  more  explosive  kimberlite-specific  eruption  style.  This  emplacement  model 
is  different  from  the  classic  southern  African  diatreme  model.  It  is  suggested  that  the  FALC  model 
is  a  second  model  for  kimberlites  with  the  differences  primarily  reflecting  the  near  surface  country 
rock  geology.  The  data  for  FALC,  validate,  rather  than  negate,  the  classic  diatreme  model  (Field 
and  Scott  Smith,  this  volume  -  b).  The  FALC  volcanism  lasted  at  least  25 Ma.  but  the  main 
kimberlite  crater  formation  was  confined  to  the  last  5-1  OMa.. 
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like  processes.  The  remarkable  similarity  in  both  the  geological  setting  and  the  nature  of  the 
kimberlites  at  FALC  and  Mbuji-Mayi  in  Zaire  (Demaiffe  et  ah,  1991)  cannot  be  a  coincidence.  The 
evidence  presented  here  for  the  FALC  craters  contradicts  the  Leckie  et  al.  (1997)  model  which 
proposes  that  the  bulk  of  the  volcanism  formed  positive  relief  conformable  tephra  cones  during  the 
Mannville.  The  FALC  craters  formed  during  the  Ashville  but  were  preceded  by  common  small 
kimberlites  which  comprise  conformable  graded  beds  up  to  5m  thick  of  unreworked  pyroclastic 
airfall  material.  These  kimberlites  occur  throughout  the  Mannville  and  were  deposited  onto  the 
subaerial  flood  plains  without  the  formation  of  craters.  If  the  aquifer  at  the  base  of  the  Mannville 
only  became  saturated  at  the  beginning  of  the  Ashville,  it  is  consistent  with  the  presence  of  maar- 
like  craters  only  being  formed  during  the  Ashville. 

Age  :  Stratigraphic  constraints  suggest  that  all  the  FALC  kimberlite  eruptions  span  at  least  25  Ma. 
The  main  kimberlite  crater  formation  was  probably  confined  to  the  last  ±5-10  Ma  (perhaps  98-91 
Ma.;  supported  by  isotopic  data)  while  the  small  precursors  formed  from  1 19  to  at  least  100  Ma. 

Main  constituents  and  rock  types  :  These  loosely  packed,  clast  supported,  poorly  sorted 
volcaniclastic  kimberlites  are  composed  predominantly  of  a  mixture  of  juvenile  lapilli  and  single 
crystals  which  are  mainly  olivine  (clasts  mostly  <10mm  in  size,  up  to  10cm).  The  lapilli  vary  in 
shape  from  spherical  or  ovoid  to  irregular-curvilinear  or  amoeboid  showing  that  they  formed  from 
very  fluidal  magmas.  The  groundmasses  are  quenched  and  sometimes  vesicular  but  no  true  glass  is 
observed.  The  main  constituents  of  these  kimberlites  formed  by  pyroclastic  processes.  The  inter¬ 
clast  matrix  is  composed  of  mainly  serpentine,  carbonate  and  magnetite.  The  proportion  of  juvenile 
lapilli  to  single  grains  of  olivine  varies  so  the  main  rock  types  range  from  juvenile  lapilli  tuffs  (or 
coarse  ash)  to  unusual  crystal  or  olivine  tuffs  (or  coarse  ash).  Most  rocks  have  undergone  some 
sorting.  Overall  at  FALC  ash  and  coarse  ash  sized  clasts,  comprising  kimberlite  matrix  and  often 
single  olivine  phenocrysts,  are  not  common.  Some,  but  not  all,  of  the  drillcores  display  well 
developed  plane  parallel  normal  graded  bedding.  Individual  beds  vary  from  a  few  millimetres  to  at 
least  90m  in  thickness.  The  latter  appear  to  be  unique  in  the  geological  record.  Bedding  dips  vary 
from  horizontal  to  80°  and  some  disturbed  bedding  is  present. 

Near  surface  emplacement  :  In  contrast  to  the  crater  formation,  the  crater  infilling  results  from 
magmatic  eruptions.  Many  features  show  that  resedimentation  of  the  pyroclastic  material  was  not  an 
important  process.  These  features  include:  the  low  particle  density;  the  presence  of  occasional 
welding  or  molding  of  plastic  lapilli;  bomb  sags  and  possible  draping;  in  situ  impact  fragmented 
xenolithic  bombs;  the  occurrence  of  composite  lapilli  showing  that  mixed  lapilli  populations  result 
from  recycling  not  resedimentation;  the  presence  of  different  phases  of  eruption  with  associated 
marker  horizons  and  sharp  internal  contacts;  evidence  of  large  scale  sorting  resulting  in  the  overall 
paucity  of  ash  and  the  presence  of  mega-graded  beds;  the  very  significant  lack  of  abrasion  or 
breakage  of  most  and  often  fragile  juvenile  and  xenolithic  clasts;  the  lack  of  cross  bedding  and  other 
sedimentary  features;  and  the  overall  lack  of  incorporation  of  crater  wall  material. 

The  kimberlites  were  emplaced  at  a  time  of  overall  marine  deposition  leading  to  suggestions  that 
they  are  likely  to  have  erupted  in  submarine  conditions.  Features  within  the  FALC  kimberlites, 
however,  show  that  most  of  the  pyroclastic  activity  was  subaerial.  These  features  include  the 
occurrence  of  fluidal  not  quenched  lapilli  shapes,  welding  and  molding,  vesicular  lapilli,  poor 
sorting  of  a  wide  range  of  clast  sizes,  lack  of  resedimentation  and  a  general  lack  of  fines.  There  is 
also  stratigraphic  evidence  for  a  ±3Ma  hiatus  (approximately  94.5  -  91  Ma)  in  the  marine 
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GEOLOGY  OF  THE  CLUSTER 

The  Venetia  kimberlite  cluster  is  situated  16  km  south  of  the  border  between  South  Africa  and 
Zimbabwe,  50  km  from  both  Messina  and  the  River  Ranch  kimberlite.  It  comprises  twelve  pipe  and 
dyke  bodies,  numbered  roughly  according  to  decreasing  size  from  K1  to  K12,  and  is  situated  within 
the  central  zone  of  the  Limpopo  Belt.  This  region  has  as  its  basement,  the  Sand  River  Gneisses 
which  in  turn,  are  covered  by  the  Beit  Bridge  Complex  (a  supracrustal  succession  of  gneisses,  schists 
and  amphibolites).  The  geology  of  the  country  rocks  immediately  surrounding  the  Venetia  bodies  is  a 
a  sequence  of  amphibolite,  quartzofelspathic  gneisses,  intrusive  augen  biotite  gneiss,  amphibolite, 
biotite  schist,  metaquartzite  and  marble  (Parrish,  1989),  forming  part  of  the  Beit  Bridge  Complex. 

Parrish  (op.  cit.)  mapped  the  structural  features  immediately  surrounding  the  Venetia  K1  and  K2 
pipes.  His  proposed  structural  evolution  for  the  area  follows  the  sequence  :  lithological  layering  of 
the  gneiss,  two  generations  of  isoclinal  folding  (producing  respectively,  an  axial  planar  fabric  and  a 
lineation  seen  as  a  mineral  fabric  in  the  gneiss),  a  main  folding  event  (of  inclined  tight  similar  variety), 
subsequent  large-scale  warping  of  the  area,  and  finally,  local  faulting  (which  produced  offsets  of  the 
folded  lithologies). 


Table  1  :  Summary  of  petrogra 

Dhic  information  for  the  Venetia  cluster. 

1  Venetia 

j  Kimberlite 

Facies  for  which 
description  is  available 

Textural  classification 

Mineralogical 

classification 

Comments 

K1 

diatreme  TKB 

type  1  :  few  magma  pellets 
type  2  :  abundant  magma 
pellets 

Country  rock  xenoliths  account  for  20- 
30  vol.%  of  the  rock. 

There  are  localized  flow  zones  of  finer 
grained  tuffisitie  kimberlite,  and 
localized  zones  of  reddish  gritty 
tuffisitie  kimberlite. 

western  hypabvssal  complex 

macroporphyritic.  with 
uniform  to  segregationary 
groundmass  textures 

monticellite-phlogopite 
kimberlite  varieties 
(three) 

north-eastern  hvpabyssal 
complex 

altered  phlogopite- 
monticellite  kimberlite 
varieties  (five) 

K3 

hvpabyssal 

breccia 

shows  flow  alignment 

transitional  TKB 

TKB 

pelletal 

K7 

hypabyssal 

macrocrystic  to 
segregationary 

montieellite  kimberlite 

K8 

hypabyssal 

macrocrystic  to  uniform 

carbonatised 
montieellite  kimberlite 

noteworthy  absence  of  foreign  xenoliths 

K9 

hypabyssal 

macrocrystic  (zones  of 

aphanitic  material  present) 

calcite-monticellite 

kimberlite 

partly  flow-aligned 

K10 

diatreme 

pelletal 

phlogopite-monticellite 

TKB 

extensively  altered 

Kll 

transitional  diatreme  facies 

varies  from  segregationary 
hypabyssal  through 
xenolith-rich  TKB  to 
pelletal  TKB 

predominantly 
montieellite  kimberlite 
(phlogopite-bearing  on 
the  southern  side  of  the 

pipe) 

hypabyssal  stringers  and  dykes  cut 
through  the  TKB  in  a  +/-  E-W  trending 
belt 
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The  Venetia  kimberlite  comprises  predominantly  hypabyssal  and  diatreme  facies  TKB,  with  several 
varieties  of  monticellite-,  phlogopite-  and  calcite-  kimberlite  occurring.  A  summary  of  the 
petrographic  data  is  given  in  Table  1. 

Two  extensive  drilling  programs,  completed  during  the  evaluation  and  early  mining  stages  of  the 
mine’s  short  history,  have  yielded  information  on  kimberlite  alteration  and  pipe  density.  Alteration 
of  the  kimberlite  phases  is  highly  variable  between  pipes,  allowing  in  some  cases,  for  the 
“freeloading”  of  ground  down  several  benches  into  the  pit,  during  the  mining  process.  Pipe  densities 
are  dependant  on  the  yield  of  heavy  mineral  concentrate  produced  by  the  metamorphic  country  rock 
entrained  in  the  kimberlite.  Wall  rock  contacts  range  from  pristine  (often  where  the  kimberlite  is 
hypabyssal)  to  strongly  “disturbed”. 

WHOLE  ROCK  MINERAL  CHEMISTRY 

XRF  whole  rock  analysis  of  thirteen  powdered  rock  samples  was  performed  at  the  Anglo  American 
Research  Laboratories.  The  results  are  typical  of  kimberlitic  data,  but  show  some  evidence  of  crustal 
contamination  in  the  slightly  elevated  Na20,  AI2O3  and  Si02  concentrations,  and  corresponding 
contamination  indices  (Clement,  1982)  greater  than  one,  for  a  few  of  the  samples.  Comparison  of 
these  data  with  chemical  compositions  for  other  Group  I  and  Group  II  kimberlites  on  the  Kaapvaal 
craton  (Smith  et.al.,  1985)  indicates  that  the  Venetia  kimberlite  is  marginally  enriched  in  major 
element  chemistry,  with  respect  to  other  Group  I  bodies.  For  example,  the  dataset  overlaps  both  the 
Group  I  and  Group  II  fields  of  a  TiC>2  vs  K2O  plot  (Allsopp  et.al.,  1995).  Trace  element  patterns  are 
however,  relatively  depleted,  and  are  characteristic,  therefore,  of  Cretaceous  Group  I  kimberlites. 

WHOLE  ROCK  ISOTOPE  ANALYSIS 

Isotope  analyses  were  performed  at  the  Bernard  Price  Institute  at  the  University  of  the 
Witwatersrand,  on  six  of  the  samples  analysed  for  whole-rock  geochemistry  :  K4/27,  K4/32,  K4/38 
(hypabyssal  kimberlite),  Kl/135  (altered  kimberlite),  K9/3  (dyke  material)  and  Kll/30  (country 
rock  infused  with  kimberlite).  The  isotope  dilution  technique  (Faure,  1986)  was  to  calculate  Rb,  Sr, 
Sm  and  Nd  concentrations  from  the  raw  data. 

For  an  age  of  just  over  500  Ma,  the  Venetia  kimberlite’s  initial  132/144  Nd  and  87/86  Sr  ratios  are 
depleted  relative  to  bulk  earth  (Fig.  2),  and  £,  Nd  for  all  but  one  of  the  samples  is  positive.  Along  with 
the  trace  element  data  for  the  cluster,  these  results  confirm  the  cluster’s  Group  I  signature.  The  trend 
towards  higher  Sr  values  at  lower  Nd  is  suggestive  of  crustal  contamination  of  the 

samples,  as  the  higher  Sr  and  lower  Nd  samples  are  also  those  with  the  highest  C.I.  values.  The 
steepness  of  the  alteration  trend  is  a  product  of  the  fact  that  Sr  is  less  sensitive  to  alteration  than  Nd, 
which  therefore,  shows  the  greater  variation. 
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Figure  1  :  Alteration  trend  for  Venetia  samples  as  indicated  by  their  initial  isotopic  ratios. 
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Lithium  and  Beryllium  abundances  in  peridotitic,  pyroxenitic  and 
eclogitic  mantle  assemblages 


Seitz,  H.-M.,  Woodland,  A.B 

Mineralogisches  Institut,  Universitat  Heidelberg,  Im  Neueneheimer  Feld  236,  69120  Heidelberg,  Germany 


Introduction 

Magmatic  processes  such  as  e.g.  partial  melting,  crystal  fractionation  and  mantle 
metasomatism  variably  modify  the  inventory  of  lithium  and  beryllium  in  the  lithospheric 
mantle.  During  these  processes  Li+  is  likely  to  behave  as  a  moderately  incompatible  element 
because  Li+  has  a  similar  ionic  radius  to  Mg2+  or  Fe2+  which  permits  a  coupled  substitution  in 
olivine,  pyroxenes  and  garnet,  potentially  with  trivalent  cations,  such  as  Al3+,  Fe3+,  Cr3+,  Sc3+, 
V3+  and  REE3+.  From  ionic  radius  and  ionic  charge  considerations,  Be2+  is  expected  to  be 
strongly  incompatible. 

We  have  undertaken  a  detailed  study  of  the  Li  and  Be  abundances  in  olivine,  orthopyroxene, 
clinopyroxene,  garnet  and  spinel  from  various  mantle  lithologies  and  tested  their  partitioning 
behavior  as  a  function  of  P,  T  and  bulk  composition.  Over  17  well  equilibrated  spinel-  and 
gamet-peridotite,  gamet-pyroxenite  and  eclogite  samples  (800°  -  1400°C  and  10-38  kbar) 
were  analyzed  by  Secondary  Ion  Mass  Spectromety  (SIMS).  These  mantle  xenoliths  (from  the 
East  Afican  Rift,  Massif  Central,  Mongolia,  Vitim  &  Pali  Aiki)  establish  a  baseline  with  which 
to  compare  samples  from  the  Finero  and  several  Pyrenean  massifs  that  have  been 
metasomatically  overprinted  (Seitz  &  Woodland,  in  prep.). 

In  addition  we  investigated  eclogitic  samples  from  Roberts  Victor  and  Obnazhennaya  (Russia) 
which  are  believed  to  have  mantle  origin  (group  A  eclogites). 

Analytical  Technique 

Analyses  of  Li  and  Be  were  accomplished  using  a  modified  CAMECA  3f-IMS  ion  microprobe 
at  the  Mineralogisches  Institut,  Universitat  Heidelberg.  Analyses  were  made  using  a  160 
primary  beam  at  an  acceleration  voltage  of  12.5  kV.  A  focused  beam  with  an  intensity  of  10 
nA  gave  a  beam  diameter  of  -  20  -  25  pm.  Samples  were  coated  with  a  layer  of  gold  ca.  50 
nm  thick.  Positive  secondary  ions  were  accelerated  through  a  nominal  4.5  kV.  The  energy 
window  was  set  to  40  eV.  We  employed  energy  filtering  technique  with  an  offset  of  -75  V 
combined  with  a  mass  resolution  of  -800.  The  combination  of  these  two  techniques 
surpresses  interfering  molecules,  discriminates  between  element  peaks,  such  as  9Be  and 
27A13+,  and  minimizes  the  matrix  effects  (Ottolini  et  al.  1993).  Ion  yields  of  7Li  and  9Be,  were 
normalized  to  30Si  for  silicates  and  to  26Mg  for  spinel.  A  NIST  SRM-610  glass  was  used  as  a 
primary  standard.  Major  element  peaks  (30Si  and  26Mg)  were  measured  for  2  sec  and  8  sec 
were  applied  for  7Li  and  9Be.  Long  term  reproducibility  of  the  SRM-610  standard  is  within 
10%.  In  run  precision  is  2-15%  for  7Li  and  5-20%  for  9Be. 

Results 

Lithium  abundances  vary  with  bulk  chemistry.  Pyroxenes  from  peridotitic  xenoliths  have  Li 
concentrations  on  the  order  of  several  hundred  ppb,  while  pyroxenes  from  pyroxenites  have 
somewhat  higher  abundances  (1-3  ppm  with  a  maximum  of  21  ppm).  Clinopyroxenes  from 
eclogites  have  Li  concentrations  comparable  to  those  from  peridotites  (400  -  970  ppb).  Li  in 
spinels  from  different  localities  is  greatly  variable  with  abundances,  ranging  from 
concentrations  below  the  detection  limit  (<  1  ppb)  up  to  750  ppb.  Garnets  from  peridotites  and 
pyroxenites  contain  <  120  ppb  Li,  whereas  those  from  eclogites  have  up  to  430  ppb  Li. 

Li  is  preferentially  incorporated  into  olivine,  typically  ranging  between  1  and  4  ppm.  The 
following  partitioning  relationship  has  been  established:  ol  >  cpx  >  opx  »  grt  for  grt- 
peridotites,  ol  >  cpx  >  opx  »  sp  for  sp-peridotites,  cpx  >  opx  >  grt  for  grt-  pyroxenites  and 
cpx  >  grt  for  eclogites.  Similar  relationships  have  been  observed  for  sp-peridotites  by  Ottolini 
&  McDonough  (1996).  Partition  coefficients  for  Li  range  between  0,4  -  1,1  for  opx/cpx,  1,5  - 
2,8  for  ol/cpx  and  0,06  -  0,4  for  grt/cpx  (Fig.  1). 
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Fig.  1:  Temperatures  were  calculated  using  thermometers  of  Brey  &  Kohler  (1990)  and  Krogh 
(1988).  For  grt-bearing  samples,  the  pressure  was  determined  with  the  Al-in-opx  barometer  of  Brey  & 
Kohler  (1990)  and  for  sp-peridotites  pressure  was  estimated  using  the  barometer  of  Webb  &  Wood 
(1986)  giving  P  max.  Ca-in-olivine  barometer  of  Kohler  &  Brey  (1990)  was  applied  to  2  samples. 
Minimum  pressure  is  constrained  by  the  plag-  to  sp-peridotite  transition  in  the  NCFMAS-system  (min. 
to  max.  pressures  are  indicated  by  black  bars). 


It  has  been  shown  that  trace  element  partitioning  can  be  strongly  temperature  or  pressure 
dependent,  and  compositional  effects  have  also  to  be  encountered  (e.g.  Stosch,  1981;  Seitz  & 
Altherr,  1996).  However,  partition  coefficients  for  Li  between  opx/cpx,  ol/cpx  and  grt/cpx 
show  no  dependency  upon  P  or  T.  With  the  exception  of  one  amph-sp-peridotite,  Du 
(opx/cpx),  for  example,  exhibits  only  a  limited  range;  typically  0.7  and  1  (Fig.  1). 

Preliminary  data  from  metasomatized  peridotites  and  pyroxenites  from  Finero  and  several 
Pyrenean  massifs  show  enrichment  of  Li  in  pyroxenes  and  olivine,  whereby  Li  is 
preferentially  incorporated  into  clinopyroxene  (cpx  >  ol  >  opx).  Calculated  Li  concentration 
ratios  (opx/cpx  and  ol/cpx)  are  significantly  lower  in  these  samples  compared  with  ‘normal’ 
unmetasomatized  peridotites  and  pyroxenites,  suggesting  disequilibrium.  Thus  the  Li  ratios 
can  only  be  considered  as  an  indicator  of  metasomatism  rather  than  being  meaningful  partition 
coefficients. 

Beryllium  concentrations  in  opx  and  cpx  range  between  10  and  150  ppb  and  are  close  to  the 
detection  limit  in  olivine  (=2-8  ppb).  Beryllium  abundances  in  the  garnets  and  spinels 
investigated  here  are  at  or  below  the  detection  limit.  Partitioning  of  Be  in  pyroxenites  and 
peridotites  exhibit  following  relationship:  cpx  >  opx  »  ol.  The  partitioning  of  Be  shows  no  P 
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or  T  dependency  for  ol/cpx  but  clearly  correlates  with  temperature  for  opx/cpx  (Fig.  2).  The 
ionic  radius  of  Be  is  similar  to  that  of  Si,  suggesting  substitution  of  Be  on  the  tetrahedral  site. 


Fig.  2:  lnDBe  opx/cpx  as  a  function  of  temperature  and  pressure  (see  Fig.  1  for  more  detailed 
descriptions). 


Conclusions 

Low  Li-abundances  in  mantle  peridotites  and  pyroxenites  emphasize  it's  incompatibility 
during  partial  melting  and  fractional  crystallization,  respectively.  However,  elevated  Li- 
concentrations  are  present  in  some  pyroxenites,  presumably  due  to  complete  crystallization  of 
such  partial  melts.  Disequilibrium  is  manifested  by  preferential  enrichment  of  Li  in  cpx.  Since 
the  absolute  and  intercrystalline  partitioning  of  Li  is  independent  of  T,  P  and  bulk 
composition,  Li  appears  to  be  a  suitable  tracer  element  for  chemical  processes  such  as 
metasomatism. 

Our  data  set  indicates  that  under  upper  mantle  conditions  the  partitioning  of  Be  has  a  strong 
dependence  on  T  and  to  a  lesser  extend  on  P. 

References 

Brey,  G.  P.,  and  Kohler,  T.,  1990,  Geothermobarometry  in  four-phase  lherzolites  II.  New 
thermobarometers,  and  practical  assesment  of  existing  thermobarometers:  J.  Petrol.,  v. 
31,  p.  1353-1378. 

Kohler,  T.  P.,  and  Brey,  G.  P.,  1990,  Calcium  exchange  between  olivine  and  clinopyroxene 
calibrated  as  a  geothermobarometer  for  natural  peridotites  from  2  to  60  kb  with 
applications.:  Geochim.  Cosmochim.  Acta,  v.  54,  p.  2375-2388. 

Krogh,  E.  J.,  1988,  The  gamet-clinopyroxene  Fe-Mg  geothermometer  -  a  reinterpretation  of 
existing  experimental  data:  Contrib.  Mineral.  Petrol.,  v.  99,  p.  44-48. 

Ottolini,  L.,  Bottazzi,  P.,  and  Vannucci,  R.,  1993,  Quantification  of  Lithium,  Beryllium,  and 
Boron  in  silicates  by  Secondary  Ion  Mass  Spectrometry  using  conventional  energy 
filtering:  Anal.  Chem.,  v.  65,  p.  1960-1968. 

Ottolini,  1.,  and  McDonough,  W.  F.,  1996,  Geochemistry  of  Lithium  and  Boron  in  the 
Mantle:  Results  from  studies  of  peridotites:  Journal  of  Conference  Abstracts 
(Goldschmidt  Conference),  v.  1 1,  p.  446. 

Seitz,  H.-M.,  and  Altherr,  R.,  1996,  Partitioning  of  Transition  Metal  Elements  Between 
Mantle  Minerals:  Empirical  Geothermobarometers.:  Journal  of  Conference  Abstracts,  v. 
1,  p.  555. 

Stosch,  H.-G.,  1981,  Sc,  Cr,  Co  and  Ni  partitioning  between  minerals  from  spinel  peridotite 
xenoliths:  Contrib.  Mineral.  Petrol.,  v.  78,  p.  166-174. 

Webb,  S.  A.  C.,  and  Wood,  B.  J.,  1986,  Spinel-pyroxene-gamet  relationships  and  their 
dependence  om  Cr/Al  ratio.:  Contrib.  Mineral.  Petrol.,  v.  92,  p.  471-480. 


780 


Recent  Developments  in  the  Application  of  Borehole  Geophysical  Logging 
Techniques  in  Diamond  Mining  and  Exploration  -  Some  Case  Studies 

Selfe  G.R.1,  Trofimczyk  K.K.1 

1.  Anglo  American  Corporation  of  South  Africa  Ltd.,  Geophysical  Services  Department,  P.O.Box  61587, 

Marshalltown,  Johannesburg,  South  Africa 

Borehole  geophysical  logging  has  long  been  an  important  tool  in  the  oil  exploration  industry.  It 
has,  however,  seldom  been  as  successfully  and  as  quantitatively  applied  in  other  divisions  of  the 
mining  industry.  Most  often  it  has  been  used  simply  as  a  horizon  delineation  tool,  with  little  or  no 
attempt  being  made  at  quantification  and  further  interpretation  of  the  results. 

The  Anglo  American  Corporation’s  Geophysical  Services  Department  (AAC  GSD)  has  more 
recently  undertaken  extensive  research  into  borehole  geophysical  logging  within  the  diamond  fields 
in  southern  Africa  with  some  success.  Detailed  interpretation  of  logs  and  the  application  of  cross¬ 
borehole  tomographic  techniques  can  yield  quantitative  results  and  extensively  aid  the  creation  of  a 
3 -dimensional  model  of  the  orebody.  Detailed  structural  and  geotechnical  information  within  the 
country  rock  formations  can  be  obtained  cost  effectively  to  aid  in  the  planning  of  the  mine  pit 
design. 

A  number  of  case  studies  are  presented  to  illustrate  the  variety  of  applications  to  diamond  mining 
and  exploration.  These  are  the  evaluation  of  an  alluvial  diamond  deposit  in  southern  Namibia,  the 
mapping  of  different  kimberlite  facies  and  intrusions  at  Orapa  mine  in  Botswana,  and  the  mapping 
of  kimberlite  types  and  quantification  of  country  rock  assimilation  in  two  diamond  prospects  in 
Botswana.  Research  into  cross-borehole  tomographic  techniques  has  been  undertaken  at  Venetia 
mine  in  South  Africa.  Methods  of  determining  the  geotechnical  characteristics  of  the  country  rock 
at  Venetia  and  Orapa  mines  have  also  been  researched. 

Evaluation  holes  in  the  Sendelings  Drift  alluvial  diamond  deposit  in  southern  Namibia  were  logged 
geophysically  with  a  small  suite  of  tools  in  order  to  assist  mine  planning.  Neutron  and  induction 
logs  calibrated  using  XRD  data  enabled  the  delineation  of  problematic  zones  of  high  clay  and  silt 
content.  In  addition,  the  cementation  or  hardness  index  was  semi-quantitatively  derived  using  a 
variety  of  other  log  responses. 

Geophysical  logging  of  five  core  holes  and  one  large-diameter  percussion  hole  at  Orapa  mine  in 
Botswana  succeeded  in  identifying  two  types  of  basalt,  and  in  quantifying  their  content  (percentage 
ore  dilution)  within  the  sidewall.  Modal  analyses  of  core  samples  subsequently  confirmed  the 
geophysical  interpretations  and  identified  the  basalt  types  as  amygdaloidal  and  non-amygdaloidal 
varieties  respectively.  In  addition,  up  to  nine  different  types  of  kimberlite  have  been  identified  and 
typified  in  terms  of  their  physical  characteristics.  These  have  by  and  large  been  linked 
petrographically  to  different  facies  intrusions  within  both  the  northern  and  southern  lobes  of  the 
Orapa  pipe  and  have  helped  in  resolving  ambiguities  in  the  core  logging  at  depth.  An  example  is 
the  confirmation  of  the  presence  of  a  low  grade  kimberlite  breccia  derived  from  the  northern  lobe 
which  has  slumped  back  into  the  southern  lobe  of  the  deposit.  This  has  implications  for  the  grade 
model  for  the  southern  lobe  of  the  kimberlite. 

Geophysical  logging  was  applied  on  two  kimberlite  pipes  in  Botswana  as  part  of  the  program  for 
evaluating  the  minable  potential  of  these  deposits.  These  orebodies  are  very  complicated,  with 
multiple  intrusions  and  a  great  deal  of  country  rock  assimilation.  In  each  case,  a  multidisciplinary 
approach  making  use  of  the  detailed  geophysical  log  interpretation,  petrographic  studies  and  chip 
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logs,  was  applied  in  the  creation  of  a  detailed  3-dimensional  model  of  the  pipe  within  a  short  space 
of  time.  Subtly  different  kimberlite  types  were  identified  using  the  geophysical  logs,  as  well  as  the 
country  rock  lithologies.  The  percentage  ore  dilution  by  country  rock  was  also  calculated  using  the 
geophysical  responses.  The  information  supplied  by  geophysical  logging  proved  important  in  terms 
of  the  understanding  of  the  pipe’s  genesis  and  the  creation  of  an  accurate  mine  model. 

In  order  to  make  a  decision  on  the  optimum  depth  of  an  open  pit  kimberlite  mine  good  information 
on  the  shape  and  grade  of  the  kimberlite  pipe  as  well  as  any  structures  in  the  host  rock  is  required. 
Extensive  research  into  developing  a  technique  for  delineating  the  shape  of  a  kimberlite  pipe  with 
depth  has  been  undertaken.  The  main  focus  of  the  project  was  the  Venetia  pipe  in  the  Northern 
Province  of  South  Africa.  The  initial  work  involved  the  establishment  of  a  detailed  physical 
property  database.  This  was  accomplished  through  down-hole  geophysical  logging  in  boreholes 
across  the  deposit.  Based  on  the  physical  characteristics  measured  a  number  of  surface  and  cross¬ 
hole  scanning  techniques  were  proposed  for  trial.  Borehole  seismic  methods  show  greatest 
potential  due  to  a  greater  range  of  operation.  Borehole  electromagnetic  methods,  although 
providing  some  success  towards  solving  the  problem,  suffer  from  lack  of  penetration  within 
kimberlite  which  may  be  very  conductive. 

Geophysical  logging  of  two  country  rock  boreholes  at  Venetia  mine  and  one  at  Orapa  mine  to 
measure  the  geotechnical  characteristics  of  the  country  rock  has  indicated  the  potential  of  such 
techniques  in  providing  structural  information  of  use  in  the  engineering  design  of  an  open  cast 
diamond  mine.  The  Slimline  Accoustic  Scanner  in  conjunction  with  the  Dipmeter  probe  is  able  to 
identify  joints  and  fractures  and  to  classify  these  in  terms  of  their  orientation.  The  conventional 
lithological  logs  offer  a  means  of  differentiating  between  fractures  and  joints  once  identified.  A 
combination  of  the  density  and  P-  and  S-wave  sonic  data  provides  a  continuous  down-hole  estimate 
of  the  bulk  geotechnical  rock  parameters,  namely,  Poisson’s  ratio,  bulk  modulus.  Young’s  modulus 
and  shear  modulus. 

In  the  above  cases  quantitative  methods  are  applied  in  a  relatively  short  space  of  time,  to  provide 
the  geologist  with  information  which  otherwise  may  only  have  been  obtained  through  an  extensive 
core  drilling  program  which  is  expensive  and  time  consuming.  Wireline  logging  methods  are  not 
only  capable  of  uniquely  identifying  the  various  lithological  components  of  the  wallrock,  but  also  of 
accurately  quantifying  these  components  in  a  process  of  calibration  and  log  unmixing.  Cross¬ 
borehole  tomography  can  provide  a  continuous  map  of  the  orebody  boundary  with  depth  where 
otherwise  only  a  single  intersection  at  depth  from  an  inclined  hole  through  the  contact  would  have 
been  available. 
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New  age  of  Yakutian  kimberlites. 


Shamshina  E.A.,  Zaitsev  A. I. 


Institute  of  Geological  sciences  RAS.  39  , Lenin  av.,  Yakutsk  677891. Russia 


l.The  Yakutian  kimberlitic  province  extends  for  over  1000  kilometres  across  the 
Siberian  platform  northwards  from  Mirny  to  the  Arctic  Ocean.  It  consists  of  twenty 
five  kimberlitic  fields  of  diatremes ,  dykes  and  other  intrusive  bodies  (Pic). 


1  -  Malo-Botuobya 

2  -  Nakyn 

3  -  Alakyt 

4  -  Daidyn 

5  -  Upper  Muna 

6  -  Chomoordakh 

7  -  West  -  Ukookyt 

8  -  East-  Ukookyt 

9  -  Ogonyor-Yuryakh 

10  -  Merchimden 

1 1  -  Molodo 

12  -  Kuoyka 

13  -  Toluopka 

14  -  Khorbusuonka 

15  -  Kuranakh 

16  -  Biriginde 

17  -  Lutchakan 

18  -  Dyuken 

19  -  Middle-Kuonapka 

20  -  Ari-Mastakh 

21  -  Staroretchen 

22  -  Orto-larga 

23  -  Ebelyakh 

24  -  Tomtor 

25  -  Kharamay 


About  1 000  various  bodies  are  disorderly  placed  there  on  the  area  of  about  1 ,5  million 
sq.km.  Most  of  the  kimberlitic  fields  of  the  region  are  polychronic  and  unite  the 
various  facial  bodies  of  2  -  4  epochs.  There  are  evidences  that  different  parts  of  some 
complicated  bodies  are  polichronic  and  formed  in  different  epochs  .  Recently  Later 
Devonian  -  Early  Carboniferous  kimberlites  were  more  ancient  diamondiferous 
magmatites  of  the  Yakutian  kimberlitic  province. 

2.Nakyn  kimberlitic  field  is  one  of  fields  from  25  fields  of  the  Yakutian  kimberlitic 
province.(YKP).  It  situated  in  the  South  -  East  of  YKP.  Two  kimberlitic  pipes 
Botuobinskaya  and  Nurbinskaya  are  located  in  this  field.  Within  the  kimberlitic  field, 
the  upper  limit  of  the  country  rocks  intruded  by  the  kimberlites  has  been  assigned  to 
the  Early  Ordovician.  The  kimberlitic  bodies  are  overlain  by  Lower  Jurassic 
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sediments.  The  ages  of  autolithic  and  massive  kimberlitic  breccia  of  both  pipes  were 
defined  by  Rb/Sr  method  in  the  breccia  matrix  with  microlitic  phlogopite.  We  have 
got  the  following  results: 


Sample 

Pipe 

Rb/Sr  Age 

BT-I  / 157,5 

Botuobinskaya 

447  m.y. 

BT-II/ 177 

_  “  _ 

446  m.y. 

N  -  24/24 

Nurbinskaya 

450  m.y. 

The  single  sample  from  Botuobinskaya  pipe  shows  the  younger  age  but  it  was  very 
altered  by  low  temperature  processes. 

3. Later  Ordovician  age  (450  -  440  m.y.)  of  Nakyn  kimberlitic  pipes  testifies  to  the 
existence  of  the  most  ancient  epoch  of  kimberlitic  magmatism  of  YKP.  The  same 
epoch  of  diamondiferous  kimberlitic  magmatism  is  fixed  for  Mengyin  and 
Wafangdian  kimberlitic  fields  of  the  Sino  -  Korean  craton  in  China.  The  presence  of 
Later  Ordovician  kimberlitic  pipes  in  Nakyn  field  permits  to  conclude  the  more  wide  - 
spreading  of  this  epoch  in  the  Yakutian  kimberlitic  province. 
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Melt  Inclusions  and  Chromite  in  Lamproites  from  Smoky  Butte,  Montana. 

Sharygin,  V.V. 

Institute  of  Mineralogy  and  Petrography,  630090  Novosibirsk,  Russia. 

E-mail:  sharygmf3)uiggm. nsc.ru 

Smoky  Butte  is  a  series  of  thin  dikes  and  plug-like  bodies  (K-Ar  age  -  27  Ma).  All  lam¬ 
proites  show  evidence  of  rapid  quenching  and  exhibit  the  extremely  wide  variation  in  modal 
abundances  of  phases  (olivine,  phlogopite,  glass,  leucite  pseudomorphs,  etc.)  (Mitchell  et  al.,  1987). 
However,  two  main  rock  varieties  may  be  distinguished:  olivine-bearing  hyalolamproite  and 
holocrystalline  sanidine-bearing  lamproite.  Ca-Sr-Ba-carbonates,  barite  and  davanite  represent  late- 
crystallizing  phases,  filling  vugs  in  the  rocks  (Velde,  1975;  Wagtier  and  Velde,  1986).  In  general,  all 
Smoky  lamproites  have  similar  chemical  compositions.  They  are  peralkaline,  with  high  contents  of 
K20  (7-11  wt.%),  MgO  (7-9.5  wt.%),  Si02  (48.5-53.5  wt.%),  Ti02 (5-6.5  wt.%),  and  P205  (up  to  3 
wt  .%)  Primary  silicate-melt  inclusions  have  been  identified  in  minerals  of  both  main  rock  varieties. 
Silicate-melt  inclusions  in  minerals 

In  glassy  lamproites.  melt  inclusions  (10-50  pm)  were  generally  found  in  olivine-2  (Mg#  - 
0.82-0.86,  0.2-0. 3  wt.%  NiO,  small  grains)  and  in  the  outer  zones  of  olivine-1  (Mg#  -  0.87-0.92, 
0.5-0  8  wt.%  NiO,  size  -1-5  mm).  The  phase  composition  is  glass  +  gas  +  daughter  crystals  (typically 
armalcolite  and  apatite,  rarely  diopside  and  priderite).  In  some  silicate-melt  inclusions  hosted  by 
olivine,  the  gas  bubbles  are  partially  or  completely  filled  with  carbonates  (mainly,  calcite).  Single  Cr- 
spinel  crystals  and  sulfide  globules  (pentlandite  +  Ni-rich  MSS  ?  +  chalcopyrite)  sometimes  coexist 
with  melt  inclusions  in  olivine- 1.  Unfortunately,  we  were  unable  to  homogenize  the  silicate-melt 
inclusions  in  both  olivines  due  to  darkening  of  the  host  at  T>1250°C.  The  phase  composition  of 
inclusions  at  this  temperature  was  liquid  +  armalcolite  +  fluid.  Analcite  in  hyalolamproites  also 
contain  silicate-melt  inclusions,  but  they  are  inherited  from  leucite  (fresh  leucite  crystals  was  only 
preserved  in  pyroxene).  Inclusions  are  commonly  concentrically-aligned  and  similar  to  leucite-hosted 
inclusions  in  the  Leucite  Hills  and  Oscar  Plug  rocks  (Sobolev  et  al.,  1975 ;  Mitchell,  1991). 

In  sanidine-bearing  lamproites.  silicate-melt  inclusions  (10-20  pm)  are  observed  in  zoned 
phlogopite  phenocrysts  and  in  groundmass  diopside  and  apatite.  Their  phase  composition  is  glass  + 
gas  +  daughter  phases.  Gas  bubbles  sometimes  contain  salt  phases.  Single  crystals  of  apatite, 
armalcolite  and  leucite  occur  in  diopside  and  phlogopite.  Homogenization  of  the  inclusions  in  apatite 
occurred  at  1220-1230°C,  and  of  diopside-hosted  inclusions  -  at  1160-1205°C.  Melt  inclusions  in 
zoned  phlogopite  homogenized  at  temperatures  ranging  from  1085  to  1210°C. 

The  primary  inclusion  glasses  hosted  by  the  Smoky  Butte  minerals  drastically  differ  in 
composition  from  the  host  rocks  with  respect  to  their  Si02,  Ti02,  MgO,  A1203,  CaO,  and  P2Os 
contents.  Residual  glasses  of  olivine-hosted  inclusions  are  characterized  by  high  abundances  of 
alkalis  (9-10  wt.%),  Si02  (63-66  wt.%),  A1203  (11.5-13.5  wt.%),  BaO  (0.7-1. 9  wt.%),  Zr02  and  F 
(up  to  0.4  wt.%),  moderate  contents  of  Ti02  (up  to  3.6  wt.%)  and  femic  components 
(MgO+FeO+CaO<6  wt.%)  (see  Figure).  They  are  similar  to  groundmass  glass  of  Smoky  Butte 
rocks  except  that  the  contents  of  alkalies  in  the  latter  is  typically  low  (Mitchell  et  al.,  1987).  The 
moderate  Ti02  contents  may  be  explained  by  early  crystallization  of  armalcolite  and  priderite.  In 
sanidine  lamproites,  inclusion  glasses  in  minerals  slightly  differ  from  those  in  hyalolamproite  olivine, 
showing  higher  contents  of  Si02  (up  to  70  wt.%)  and  Ti02  (up  to  6.5  wt.%).  Raman  spectroscopy  of 
a  bubble  from  melt  inclusion  in  olivine-2  show  that  fluid  is  composed  of  C02  (26.6  mole  %)  and  N2 
(73.4  mole  %).  Using  these  values  and  P-V-T-equations  of  FLINCOR  program,  the  minimum 
trapping  pressure  for  this  inclusion  can  roughly  be  estimated  as  1 .7  kb  at  1250°C. 
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rocks  flelde.  1975;  Mitchell  et  al.  1987):  □  residual  glasses  of  inclusions  in  minerals. 


Chromite  inclusions  in  olivine 

As  described  above,  the  Cr-spinel  inclusions  form  independent  euhedra  (up  to  30  pm)  in 
olivine- 1  only.  Single  crystals  have  homogeneous  composition  and  are  characterized  by  high  Cr203 
(53-56  wt.%),  Ti02  (4.5-5. 7  wt.%),  NiO  (0. 1-0.5  wt.%),  Fe27(Fe2++Fe3+)=0.7-0.8,  moderate 
Mg/(Mg+F e2+)=0 .4-0.6  and  low  A1203  (1.8-2. 9  wt.%)  (see  Table).  Calculations  based  on  Fabries 
(1979)  and  Ballhaus  et  al.  (1991)  show  that  equilibrium  temperature  ranges  from  867  to  1 106°C  for 
the  chromite-olivine  pair  and /02  values  are  above  QFM  buffer  on  1-2  log.  unit. 

On  the  basis  of  petrological  evidence,  the  Smoky  Butte  lamproites  are  interpreted  to 
represent  rocks  formed  from  primitive  relatively  Si02-rich  mantle-derived  magma.  This  magma 
ascended  rapidly  and  crystallized  at  high  temperature  (Mitchell  et  al.,  1987).  The  presence  of 
armalcolite,  and  also  sulfide  globules  and  Cr-spinel  with  low  Fe3+  content  evidence  the  reduced  state 
for  initial  magma  at  its  early  crystallization  stages.  According  to  experiments  of  Friel  et  al.  (1977) 
and  Medvedev  (1996),  armalcolite  is  stable  at  low  f02  (<10'9  5  atm)  and  T>1200°C.  Thus,  the  initial 
magma  during  the  early  crystallization  of  the  Smoky  Butte  lamproites  (before  sanidine  formation) 
was  near  peralkaline  and  evolved  towards  gradual  depletion  in  P2Os,  Ti02,  CaO,  MgO,  FeO  with 
enrichment  in  Si02,  alkalis,  A1203,  BaO,  Zr02  ( see  Figure)  Probably,  mass  crystallization  of  sanidine 
led  to  the  increase  of  alkalis,  BaO,  CaO,  FeO,  MgO,  Ti02  and  the  decrease  of  A1203  in  residual  melt. 
This  evolutionary  trend  resulted  in  formation  of  K-Ti-richterite,  magnesioarfvedsonite  and  davanite 
on  the  late  stages.  In  the  course  of  evolution,  fluid  acquired  progressively  higher  contents  of  salt 
components  that  led  to  late-magmatic  or  post-magmatic  crystallization  of  Ca-Ba-Sr-carbonates  and 
barite  In  general,  evolution  of  initial  magma  for  the  Smoky  Butte  rocks  is  similar  to  that  of  melts 
parental  for  lamproites  from  W. Kimberley,  Leucite  Hills  and  other  localities  (Sobolev  et  al.,  1989; 
Solovova  et  al,  1989;  Salvioli-Mariam  and  Venturelli,  1996;  Shary gin,  1997). 
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Table. 


Chemical  composition  (wt.%)  of  chromite  inclusions  and  host  olivines 
_ rom  glassy  lamproites  at  Smoky  Butte  (Montana). _ 


n 

2 

1 

1 

1 

1 

1 

1 

2 

2 

3 

2 

Cr-spinel 

TiG2 

4.84 

5.18 

4,78 

4,70 

4,80 

5,70 

4,65 

4,75 

4.87 

4,66 

4,63 

Cr203 

54.56 

53,74 

55,44 

54,30 

54,67 

52,86 

54,25 

55,56 

55,45 

54,97 

55,78 

v2o3 

0,12 

0,18 

0.13 

0,15 

0,16 

0,22 

0,14 

0,12 

0,15 

0,13 

ai2o3 

2,57 

1,81 

2,82 

2,62 

2,68 

1,74 

2,66 

2,73 

2,86 

2,68 

2,51 

FeOt 

25.95 

29,55 

21,91 

26,76 

24,31 

27,86 

24.75 

21,68 

21,76 

24.68 

22.80 

MnO 

0.21 

0.32 

0.10 

0,24 

0.14 

0,25 

0,17 

0.11 

0,10 

0,20 

0.19 

MgO 

10.27 

8,19 

12,97 

9,42 

11.53 

9,52 

11,35 

13,47 

13,00 

11,06 

13,04 

NiO 

0,28 

0.13 

0.42 

0,25 

0,40 

0,30 

0.44 

0.47 

0.42 

0,37 

0.46 

ZnO 

0,18 

0,19 

0,10 

0,22 

0,15 

0,22 

0,19 

0,10 

0.16 

0,15 

Total 

98.96 

99,28 

98,67 

98.66 

98,84 

98,68 

98,59 

98,98 

98.75 

98,90 

99,41 

FeOcal 

20,26 

23.77 

16.07 

21,30 

18.26 

21,86 

18,22 

15,31 

16,07 

18,83 

15,99 

Fe203cal 

6,32 

6.43 

6,50 

6,07 

6,72 

6,67 

7.25 

7,08 

6,32 

6,51 

7,57 

Mg/(Mg+Fe2+) 

0.47 

0,38 

0,59 

0,44 

0,53 

0,44 

0,53 

0,61 

0,59 

0,51 

0,59 

Fe2+/(Fe2++Fe34) 

0,78 

0,80 

0.73 

0.80 

0.75 

0.78 

0,74 

0.71 

0,74 

0.76 

0,70 

Cr/(A1+Cr+V+Fe3++Ti) 

0,79 

0,79 

0,79 

0.79 

0.78 

0,78 

0,78 

0,78 

0,79 

0.79 

0,78 

A1/(AI+C  r+V+Fe3++Ti ) 

0,06 

0.04 

0,06 

0,06 

0,06 

0,04 

0,06 

0,06 

0,06 

0,06 

0,05 

Fe3+/(  Al+C  r+V+Fe3++Ti) 

0.09 

0,09 

0,09 

0,08 

0.09 

0,09 

0,10 

0,09 

0,09 

0,09 

0.10 

Host  olivine 

Fo 

89,52 

88,29 

88.58 

88,22 

90,16 

87,55 

87,74 

90,98 

88,84 

89,24 

90,84 

Fa 

9,43 

10.96 

10,44 

10,91 

8,82 

11,57 

11,45 

8,05 

10,29 

9.77 

8,22 

Mn2Si04 

0,15 

0,17 

0,18 

0.19 

0,14 

0,22 

0,18 

0,11 

0.16 

0,16 

0,10 

Ca2Si04 

0,17 

0,21 

0,22 

0,22 

0,18 

0,22 

0,19 

0,16 

0.17 

0,17 

0,13 

Ni2Si04 

0.73 

0,38 

0,58 

0,46 

0,69 

0,44 

0,45 

0,71 

0.55 

0,66 

0,70 

T,  °C  * 

1145 

867 

1106 

920 

960 

952 

1055 

1038 

1097 

971 

1027 

Dlog^D2  ** 

1,09 

1,45 

1.15 

1.23 

1,70 

1,34 

1,28 

1,81 

1.13 

1,45 

1,91 

*  -  Fabrics,  1979;  **  -  Ballhaus  el  al.,  1991  (values  respect  to  QFM  buffer) 
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The  Bele  pipe  is  one  of  typical  diatremes  of  Khakasia.  It  is  composed  of  basanites  and  their 
breccias.  Basanites  contain  numerous  crustal  (granulites)  and  mantle  (lherzolites,  pyroxenites) 
xenoliths  up  to  20  cm  in  size.  The  isotopic  dating  performed  for  zircons  and  basanites  from  the  Bele 
pipe  has  yielded  206Pb/238U  age  of  zircon  as  77.9  Ma  (Ashchepkov  et  al.,  1995)  and  40Ar/39Ar  age  of 
rock  as  19±2  Ma  (recent  data). 

Basanite  specimen  with  a  websterite  xenolith  has  been  studied  by  fluid  inclusions.  Fluid  and 
silicate-melt  inclusions  have  been  observed  in  minerals  from  both  websterite  xenolith  and  host 
basanite,  and  also  in  minerals  of  interstitial  mass  of  websterite.  The  host  basanite  contains  olivine 
(Mg#  -  0.8)  and  Ti-augite  (Mg#  -  0.74)  phenocrysts,  and  groundmass  consisting  of  plagioclase 
(An6oAb4o),  augite,  magnetite,  apatite,  ilmenite  and  rarely  altered  nepheline.  The  websterite  xenolith 
(up  to  5  cm  in  size)  are  composed  of  subcalcic  augite  (Mg#  -  0.83-0.86),  orthopyroxene  (Mg#  - 
0.83-0  84),  and  rarely  Al-spinel.  The  intergranular  mass  in  the  xenolith  contains  olivine,  Al-spinel,  K- 
Na  feldspar  and,  rarely,  plagioclase  and  sulfides,  while  the  chemistry  of  the  interstitial  minerals  are 
practically  similar  to  that  of  basanite  minerals. 

Websterite 

Two  generations  of  inclusions  can  be  recognized  in  minerals  of  websterite  xenolith  from  the 
Bele  pipe 

First  generation  ( «early» ,  «primary»  high-density  CO2  inclusions). 

They  were  found  in  orthopyroxene  of  the  xenolith.  The  sizes  of  inclusions  are  15-25  pm,  the 
shape  is  isometric,  semi-faceted,  rarely  rounded,  sub- spherical.  The  following  observations  suggest 
their  possible  primary  nature:  (1)  inclusions  are  not  confined  to  any  healed  fractures  or  cleavage  of 
the  host  orthopyroxene,  (2)  they  are  not  associated  with  silicate-melt  and  sulfide  inclusions  (unlike 
secondary  fluid  inclusions).  All  of  these  inclusions  show  evidence  of  partial  decrepitation  (haloes 
around  them  or  microfractures  extended  from  them).  Melting  temperatures  for  these  fluid  inclusions 
are  -  57.3°C,  which  indicates  that  the  trapped  fluid  is  C02  with  minor  amounts  of  other  volatiles.  The 
H20  has  not  been  found  during  cryometric  study.  The  homogenization  into  liquid  phase  for  a  less 
leaked  inclusion  occurred  at  -25°C,  that  corresponds  to  1.055  g/cm3  density  calculated  on  the  basis  of 
the  C02  vapor-liquid  equilibrium  (Roedder ,  1984).  Raman  spectroscopy  shows  that  fluid  of  this 
inclusion  is  composed  of  C02  (95  mole  %)  and  N2  (5  mole  %).  Hydrocarbons  were  not  detected. 

Unfortunately,  the  direct  data  on  temperature  of  «primary»  fluid  inclusion  trapping  are 
absent.  However,  temperature  of  last  mineral  equilibrium  for  the  studied  xenolith  may  be  considered 
as  minimum  temperature  of  inclusion  trapping  Its  estimation  calculated  on  the  basis  of  two-pyroxene 
thermometer  (Brey  and  Kohler ,  1990)  is  940°C.  Using  the  above  data  on  the  density  and 
composition  of  C02-rich  fluid,  FLINCOR  program  and  the  data  on  the  C02-N2  system  (Van  den 
Kerkhof,  1988),  the  trapping  pressure  for  «primary»  inclusion  with  the  highest  density  can  be 
estimated  as  exceeding  8.5  kb  at  940°C.  This  value  represent  the  lower  limit  for  entrapment  pressure, 
because  the  fluid  inclusion  has  been  partly  leaked.  Taking  into  account  possible  secondary  nature  of 
those  inclusions  and  basanite  liquid  as  more  real  influence  agent  on  xenolith  (approximately  1200°C), 
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trapping  of  the  «primary»  fluid  inclusion  may  has  occurred  at  even  higher  PT-parameters  (>10  kb, 
>1200°C),  which  means  the  upper  mantle  setting.  The  similar  C02-rich  inclusions  have  been  also 
found  in  mantle  xenoliths  from  different  suites  (Schiano  and  Clocchiatti,  1994;  Szabo  and  Bodnar, 
1996;  Varela  et  al.,  1997). 

Second  generation  (secondary  silicate-melt,  fluid  and  sulfide  inclusions). 

They  have  been  observed  mainly  in  clinopyroxene.  The  sizes  of  the  inclusions  vary  from  2  to 
50  pm  Melt  and  fluid  inclusions  are  generally  confined  to  the  same  healed  fissures  in  the  host 
clinopyroxene.  This  suggests  their  syngenetic  nature.  These  inclusions  are  associated  with  polysulfide 
globules  (pyrrhotite  +  pentlandite  +  chalcopyrite)  and  single  crystalline  inclusions.  The  latter  are 
alligned  along  cleavage  fissures  of  the  host  and  represented  by  Al-spinel,  olivine  (Mg#  -  0.8),  and 
plagioclase  (An83Abi7).  Phase  composition  of  silicate-melt  inclusions  is  glass  +  gas  ± 
trapped/daughter  crystals  (Al-spinel,  clinopyroxene,  apatite).  The  homogenization  of  melt  inclusions 
occurred  at  1100-1200°C.  Melting  temperatures  for  fluid  inclusions  are  -57.4-60.0°C.  Their 
homogenization  into  liquid  phase  occurred  at  +25°C.  Raman  spectroscopy  shows  that  fluid  of  these 
inclusions  are  composed  of  C02  (93  mole  %)  and  N2  (7  mole  %).  The  trapping  pressures  for  the 
secondary  inclusions  can  be  estimated  as  2. 4-2. 6  kb  at  1 100-1200°C. 

Interstitial  mass  in  websterite  xenolith 

Primary  silicate-melt  inclusions  have  been  observed  in  olivine  grains  only.  Their  phase 
composition  is  glass  +  gas  ±  daughter  crystals.  Homogenization  occurred  at  >1 100°C. 

Basanite 

Primary  silicate-melt  inclusions  (10-30  pm)  have  been  found  in  olivine  and  zoned  Ti-augite 
phenocrysts.  Phase  composition  is  glass  +  gas  +  daughter  crystals,  represented  by  clinopyroxene, 
apatite,  and  magnetite.  In  Ti-augite  phenocrysts  the  melt  inclusions  are  generally  confined  to  the 
outer  zones  and  associated  with  independent  crystals  of  plagioclase  and  magnetite.  Homogenization 
of  these  inclusions  occurred  at  1 130-1 160°C.  The  data  are  in  the  same  temperature  range  as  those 
for  melt  inclusions  in  websterite  clinopyroxene. 

Chemistry  of  inclusion  glasses  in  minerals  of  websterite  and  basanite 

Glasses  of  heated  inclusions  from  websterite  clinopyroxene  drastically  differ  in  major  element 
composition  from  the  xenoliths  They  are  enriched  in  Si02  (49-55  wt.%),  A1203  (14-19  wt.%),  Ti02 
(0.4-1  wt.%),  CaO  (5-10  wt.%),  alkalis  (2-6.5  wt.%),  P205  (up  to  1.4  wt.%).  Cl  (up  to  0.2  wt.%) 
and  depleted  in  MgO  (3.5-8  3  wt.%),  FeO  (up  to  8  wt.%).  In  general,  these  glasses  have 
compositions  practically  similar  to  the  host  basanites  and  glasses  of  heated  inclusions  in  basanite 
clinopyroxene,  differing  from  them  in  higher  Si02  only  ( see  Figure). 

Residual  glasses  of  silicate-melt  inclusions  in  clinopyroxene  from  both  websterite  and 
basanite  have  similar  compositions.  Unlike  glasses  of  heated  inclusions,  they  are  enriched  in  Si02 
(57-68  wt.%),  A1203  (23-26  wt.%).  Cl  (up  to  0.9  wt.%),  alkalis  (up  to  8.5  wt.%)  and  essentially 
depleted  in  FeO  (down  to  0.4  wt.%),  MgO  (0.06-0.5  wt.%),  CaO  (0.3-1. 3  wt.%).  Melt  inclusions  in 
olivine  from  basanite  and  interstitial  mass  of  the  xenolith  contain  higher  Si02  (up  to  71  wt.%)  and 
lower  A1203  (18-20  wt.%).  The  wide  variations  in  the  major  element  contents  seem  to  be  related  to 
the  composition  and  the  quantity  of  phases  which  formed  inside  the  inclusions.  Chemical 
composition  of  the  secondary  melt  inclusions  in  clinopyroxene  of  the  Bele  websterite  approaches 
those  of  secondary  melt  inclusions  in  mantle  xenolith  minerals  from  different  occurrences  of  the 
world  (Schiano  and  Clocchiatti,  1994;  Szabo  et  al.,  1996;  etc.). 

Thus,  in  terms  of  compositions  there  are  no  principal  differences  between  glasses  of  silicate- 
melt  inclusions  in  minerals  from  both  the  websterite  and  the  host  basanite  of  the  Bele  pipe.  This 
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pertains  to  both  heated  and  unheated  inclusions.  On  the  basis  of  the  above  data,  we  suggest  that 
secondary  melt  inclusions  in  websterite  clinopyroxenes  is  the  result  of  the  infiltration  of  basanite 
liquid  into  xenolith  at  P>2.6  kb  and  T>1200°C.  The  broad  compositional  variations  for  heated 
glasses  of  these  inclusions  may  be  attributed  to  the  partial  reaction  between  the  initial  basanite  melt 
and  clinopyroxene  of  the  xenolith.  Thus,  two  P-T-stages  of  influence  of  basanitic  melt  on  websterite 
xenolith  may  be  divided:  1)  »8.5  kb  and  >  950°C  -  upper  mantle-low  crust  conditions,  2)  2  4-2.6  kb 
and  1 100-1 200°C  -  middle- shallow  crust  conditions.  Our  conclusions  are  in  contrast  with  those  of 
Schiano  and  Clocchiatti  (1994).  According  to  these  authors,  secondary  silicate-melt  inclusions  in 
minerals  of  sub-continental  and  sub-oceanic  mantle  xenoliths  represent  small-volume  metasomatic 
melts  which  migrate  in  the  upper  mantle. 

This  study  was  supported  by  the  Russian  Foundation  of  Basic  Research  (grant  Ns  97-05- 
65309)  and  Siberian  Branch  of  RAS  (grant  for  young  scientists). 


10  1 

8 

O 

O 

1 _ _ 

30  1 

60  1 

1 

0 

O 

c?  6- 
Z 
+ 

O  4J 

N  * 

* 

2  - 

s  +  • 

-A  ++t 

20  - 

O 

O 

5 

10  - 

i 

X  ■ 

0  40  - 
+ 

O 

O 

ll 

I20 

A 

% 

A 

V 

0 

n  _ 

A -A— 

1  n 

*£  A 

-J - t - 1 - 

1  n  - 

_ . _ *•%■» _ 

40  50  60  70  80  40  50  60  70  80  40  50  60  70  80 

Si02  Si02  Si02 


A  xenoliths  of  the  Bele  pipe  (Ashchepkov  et  al,  1995)  , 

□  basanites  of  the  Bele  pipe  (Ashchepkov  et  al,  1995)  , 

■  glasses  of  heated  inclisions  in  clinopyroxene  of  websterite, 

+  residual  glasses  of  unheated  inclusions  in  clinopyroxene  of  websterite; 

X  glass  of  heated  inclisions  in  clinopyroxene  of  basanite, 

O  residual  glasses  of  unheated  inclusions  in  clinopyroxene  of  basanite; 

•  residual  glasses  of  unheated  inclusions  in  olivine  of  basanite  and  in  interstitial  olivine 

_ of  websterite. _ _ _ _ 
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Fluid  and  Silicate-Melt  Inclusions  and  Interstitial  Glass  in  Mantle  Xenoliths  from 
Melanephelinites  of  the  Udokan  Lava  Plateau,  Russia. 
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The  central  volcanoes  in  the  northern  Udokan  lava  field  (Ingamakit,  Munduzhyak,  Lurbun 
and  others)  are  composed  mainly  of  melanephelinites.  The  rocks  contain  olivine  (Mg#  -  0 .7-0.85) 
and  zoned  Ti-augite  (Mg#  -  0.83-0.95)  as  phenocrysts,  and  groundmass  consisting  of  Ti-augite 
(Mg#  -  0.7-0. 8),  Ti-magnetite,  apatite,  nepheline,  leucite,  Ba-Ti-phlogopite  (Mg#  -  0.55-0.75), 
ilmenite,  rarely  K-feldspar,  sulfides,  and  glass.  These  rocks  also  contain  numerous  mantle  xenoliths 
and  megacrysts  up  to  10-15  cm  in  size.  The  recent  isotopic  dating  performed  for  a  sample  from  the 
Munduzhyak  volcano  has  yielded  K-Ar  age  of  the  rock  being  as  14.0±0.3  Ma  (Rasskazov  el  al., 
1997).  Three  different  types  of  mantle  xenoliths  from  melanephelinites  has  been  studied  by  fluid 
inclusions:  spinel  lherzolite  (Nizhnii  Lurbun  extrusion),'  ferrious  harzburgite  (Ingamakit  volcano)  and 
wehrlite  (Munduzhyak  volcano).  The  interstices  in  these  xenoliths  are  filled  with  the  following 
assemblages:  olivine  +  Cr-clinopyroxene  +  Cr-spinel  +  sulfides  +  glass  (or  sanidine,  leucite);  olivine 
+  ilmenite  +  rhonite  ±  Ti-phlogopite  +  leucite,  and  association  similar  to  melanephelinite 
groundmass.  The  presence  of  the  reactionary  rims  is  typical  of  some  primary  xenolith  minerals 
(clinopyroxene,  spinel).  The  essential  phases  (olivine,  clinopyroxene)  of  the  interstitial  associations 
drastically  differ  in  chemistry  from  primary  xenolith  minerals  and  approach  the  central  zones  of 
melanephelinite  phenocrysts.  Fluid,  silicate-melt  and  sulfide  inclusions  were  observed  both  in  primary 
xenolith  minerals  and  in  the  interstitial  minerals. 

Wehrlite,  the  Munduzhyak  volcano. 

Secondary  high-density  C02  inclusions  (Thom=  -18°C,  p=T.034  g/cm3)  were  found  in  primary 
olivine  They  occur  along  independent  healed  microfractures  in  the  host  olivine  and  are  not 
associated  with  silicate-melt  inclusions  (Thom=l 000-1 100°C).  Unfortunately,  the  direct  data  on 
trapping  temperature  of  these  fluid  inclusions  are  absent.  However,  homogenization  temperature  of 
the  secondary  silicate-melt  inclusions  may  be  roughly  considered  as  minimum  temperature  of  the 
C02  inclusion  trapping.  Consequently,  trapping  pressure  of  the  C02  inclusions  may  be  estimated  as 
8.3-8  9  kb  at  1000-1 100°C.  The  similar  C02-rich  inclusions  have  been  also  found  in  mantle  xenoliths 
from  different  suites  (Schiano  and  Clocchiatti,  1994 ;  Szabo  and  Bodnar,  1996;  Varela  et  al.,  1997). 
Nevertheless,  it  should  take  into  account  that  initial  melanephelinitic  melt  (1200-1250°C)  may  be  the 
most  real  source  for  these  C02  inclusions,  and  pressure  may  be  estimated  as  9.6-10  kb. 

Spinel  lherzolite,  the  Nizhnii  Lurbun  extrusion. 

Silicate-melt  and  fluid  inclusions  were  found  both  in  primary  xenolith  minerals  and  in  the 
interstitial  phases.  Secondary  silicate-melt  inclusions  occur  along  healed  or  partially  healed  fractures 
in  the  xenolith  olivine.  Their  phase  composition  is  glass  +  low-density  fluid  +  rare  daughter/trapped 
crystals  (Cr-spinel,  Cr-clinopyroxene).  Homogenization  of  the  inclusions  occurred  at  1050-1 100°C. 
Primary  silicate-melt  and  low-density  fluid  inclusions  were  also  observed  in  the  interstitial  olivine  and 
clinopyroxene  (10-30  pm).  Melt  inclusions  consist  mainly  of  glass,  with  variable  amounts  of  low- 
density  fluid  (possibly,  N2)  and  daughter  crystals  (ilmenite,  apatite  and  others).  Thom  are  >1200°C  for 
olivine-hosted  inclusions  and  1200-1225°C  -  for  clinopyroxene-hosted  ones.  Besides  melt  inclusions, 
the  single  crystals  of  nepheline,  leucite  and  Ti-magnetite  are  typical  of  the  interstitial  clinopyroxene. 
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Electron  microprobe  analysis  showed  that  glasses  of  melt  inclusions  in  the  xenolith  olivine  and  the 
interstitial  minerals  are  similar  in  composition  and  close  to  intraxenolith  glass.  All  these  glasses 
strongly  differ  from  inclusion  glasses  hosted  by  melanephelinite  minerals  in  high  Si02  (up  to  75 
wt.%),  low  AI2O3  (up  to  15  wt.%)  and  alkalis  (  up  to  10  wt.%)  (see  Figure).  According  to  SIMS 
data,  intraxenolith  glass  contains  up  to  3.5  wt.%  H20,  260  ppm  Cr,  500  ppm  Sr,  and  720  ppm  Ba 
and  has  OIB-like  REE -pattern  with  slight  enrichment  in  LREE. 

Harzburgite,  the  Ingamakit  volcano. 

Magmatic  inclusions  were  also  found  both  in  primary  xenolith  minerals  and  in  the  interstitial 
phases.  Secondary  silicate-melt,  sulfide  and  fluid  inclusions,  and  their  different  combinations  (silicate- 
melt  inclusions  with  sulfide  isolation,  fluid-sulfide  inclusions,  etc.)  were  observed  in  the  xenolith 
olivine  and  orthopyroxene.  All  these  inclusion  types  occur  along  healed  fractures  in  the  xenolith 
minerals.  Silicate-melt  inclusions  consist  mainly  of  glass,  with  variable  amounts  of  fluid  and 
daughter/trapped  crystals  (ilmenite,  leucite,  nepheline).  Their  homogenization  occurred  at  T>1 100°C. 
Fluid  phase  in  some  inclusions  consists  of  CO2  with  variable  density  (Thom=  +3.5-8°C),  while  in 
majority  of  silicate-melt  and  fluid-sulfide  inclusions  it  is  low-density  non-identified  gas.  Sulfide  blebs 
consist  of  MSS,  pentlandite,  chalcopyrite.  Primary  silicate-melt  inclusions  (glass  +  fluid)  occur  rarely 
in  the  interstitial  olivine.  The  chemistry  of  inclusion  glasses  in  xenolith  and  interstitial  minerals  is  very 
similar  to  K-feldspar  and  approaches  that  of  glasses  from  the  Nizhnii  Lurbun  lherzolite  ( see  Figure). 
Origin  of  glasses. 

Now  there  are  four  possible  models  for  the  origin  of  trapped  melts  and  fluids  occurring  as 
magmatic  inclusions  or  interstitial  associations  in  mantle  xenoliths  (O'Connor  et  al.,  1996;  Schiano 
and  Clocchiaiti,  1994;  Szabo  et  al.,  1996;  etc.):  (1)  infiltration  by  melts  from  the  host  magmas 
during  transport  to  the  surface;  (2)  anhydrous  partial  melting  of  upper  mantle  during  decompression, 
(3)  breakdown  of  mantle  hydrous  phases  during  decompression;  (4)  infiltrating  melts,  prior  to 
entrainment  into  the  host  magma,  related  to  some  small-volume  metasomatic  mantle  fluids.  We 
suggest  that  the  first  model  is  more  applicable  for  explaining  of  the  origin  of  the  magmatic  inclusions 
and  glasses  in  the  Udokan  mantle  xenoliths.  Nevertheless,  it  does  not  excluded  that  partial  reaction 
between  mantle  xenolith  and  the  host  melanonephelinite  magma  might  be  possible.  Thus,  fluid, 
sulfide  and  silicate-melt  inclusions  found  in  xenolith  minerals  are  fixed  at  least  two  stages  for  the 
influence  of  melanephelinite  magma  on  mantle  xenolith  during  its  transport  to  the  surface:  at  P>8,5 
kb  and  T-l  100-1200°C  -  the  low  crust  -  upper  mantle  conditions;  at  P<5  kb  and  T=  1000-1 100°C  - 
the  middle  crust-near-surface  conditions.  The  initial  magma  appeared  to  react  actively  with  mantle 
xenolith  minerals  during  the  invasion.  The  following  data  are  evidenced  about  this  reaction:  (1)  the 
presence  of  the  reactionary  rims  around  xenolithic  clinopyroxene  and  spinel,  rarely  orthopyroxene, 
(2)  the  presence  of  leucite  and  nepheline  in  the  reactionary  rim  of  xenolith  clinopyroxene;  (3)  the 
similar  chemistry  of  the  reactionary  rims  from  xenolith  clinopyroxene  and  the  central  zone  of 
melanephelinite  clinopyroxene.  It  should  be  also  noted  that  the  majority  of  the  above  processes  might 
occurred  at  P<5  kb  (stability  limit  for  leucite)  Intraxenolith  glass  seems  to  represent  a  derivate  of 
melanephelinite  magma  after  leucite  and  nepheline  crystallization.  At  present,  this  is  a  preliminary 
scheme  of  relationships  between  the  host  magma  and  mantle  xenolith  on  the  Udokan  lava  field. 

This  study  was  supported  by  the  Russian  Foundation  of  Basic  Research  (grants  JV°  97-05- 
65309  and  97-05-65331)  and  Siberian  Branch  of  RAS  (grant  for  young  scientists). 
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Figure. 

Chemical  variations  of  glasses  from  mantle  xenoliths  and  host  melanephelinite 

(Udokan  lava  field). 
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Sulfide  Inclusions  in  Early  Lamproite  Minerals. 
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The  presence  of  small  amounts  of  sulfides  is  typical  of  lamproites.  They  were  recognized  in 
the  groundmass  of  different  lamproite  types:  in  the  Smoky  Butte  hyalolamproites  -  pyrite  and 
pyrrhotite,  in  the  Ellendale-11  olivine  lamproite  -  chalcopyrite,  in  the  SE  Spain  jumillite  -  galenite 
(Sharygin  et  al,  1998).  Pentlandite  and  pyrrhotite  occur  with  talc  in  olivine  pseudomorphs  from  the 
groundmass  of  the  AK1  olivine-phlogopite  lamproite  (Jaques  et  al.,  1989).  However,  taking  into 
account  the  influence  of  alteration  processes  on  the  above  rocks,  the  nature  of  these  sulfides  may  be 
considered  as  secondary.  Chalcopyrite  has  been  previously  identified  as  daughter  phase  in  silicate- 
melt  inclusions  in  leucite  from  the  Leucite  Hills  wyomingite  and  the  Oscar  Plug  olivine-leucite 
lamproite  (Mitchell,  1991).  This  is  a  severe  evidence  about  magmatic  nature  of  chalcopyrite  in 
lamproites.  Polyphase  sulfide  inclusions  were  found  in  the  earliest  phenocrysts  of  lamproites  during 
fluid  inclusion  study.  They  are  observed  in  lamproites  of  Smoky  Butte,  Fortuna  and  Leucite  Hills. 
Olivine  hyalolamproite,  Smoky  Butte,  Montana,  USA. 

Sulfides  rarely  occur  as  rounded  globules  (1-30  pm)  in  olivine- 1  phenocrysts  only  (Mg#  - 
0.87-0.92,  0.5-0. 8  wt.%  NiO,  size  -1-5  mm).  Sometimes  they  are  associated  with  primary  silicate- 
melt  inclusions  (Thom>1250°C)  (Sharygin,  1997 ;  Sharygin  et  al.,  1998).  The  blebs  are  represented  by 
following  mineral  associations:  pentlandite  +  chalcopyrite;  possible  monosulfide  solid  solution  (MSS) 
+  chalcopyrite,  violarite.  Chalcopyrite  in  the  essential  amounts  (up  to  20  vol.%)  occurs  only  in  the 
largest  (up  to  20-30  pm)  globules,  while  in  small  blebs  it  forms  thin  outer  rim. 

Fortunite,  Fortuna,  SE  Spain. 

Sulfides  are  observed  as  both  single  globules  (up  to  20  pm)  and  isolations  in  primary  silicate- 
melt  inclusions  hosted  by  orthopyroxene  and  phlogopite  phenocrysts.  Sulfide  globules  in  enstatite  are 
represented  by  following  assemblages:  pentlandite  +  possible  MSS,  pentlandite,  MSS,  pentlandite  + 
pyrrhotite.  Small  octahedral  crystals  of  Fe-oxide  (wustite  ?)  occasionally  occurs  in  some  sulfide 
globules.  Homogenization  temperature  of  silicate-melt  inclusions  coexisted  with  sulfide  blebs  in 
enstatite  occurred  at  1350°C. 

Olivine  orendite.  North  Table  Mountain,  Leucite  Hills,  USA. 

Sulfides  are  found  as  globules  (1-20  pm)  in  phenocrystal  (xenocrystal)  olivine  only  They 
form  rare  trails  in  the  host  olivine  and  are  associated  with  secondary  fluid  inclusions,  sometimes  with 
secondary  silicate-melt  inclusions  (Thom=1010-1 100°C).  The  large  sulfide  blebs  consist  of  MSS  or 
MSS  +  chalcopyrite.  Sometimes  oriented  isolations  of  pentlandite  may  be  observed  in  MSS. 

Thus,  homogenization  temperatures  of  silicate-melt  inclusions  coexisted  with  sulfide  globules 
are  an  evidence  about  high  temperatures  of  trapping  of  sulfides  (or  sulfide  melt)  during 
crystallization  of  lamproitic  liquid,  which  vary  for  different  localities:  >1250°C  -  Smoky  Butte, 
1350°C  -  Fortuna,  »1 100°C  -  Leucite  Hills. 

Chemistry  of  sulfide  minerals. 

In  general,  phase  composition  of  sulfide  globules  and  chemistry  of  some  phases  (pentlandite, 
chalcopyrite,  pyrrhotite)  from  lamproites  studied  approaches  to  that  of  sulfide  inclusions  in 
diamonds,  in  mantle  xenoliths,  in  minerals  of  kimberlites  and  kamafugites  (De  Waal  and  Calk,  1975; 
Yefimova  et  al.,  1983;  Gurenko  et  al.,  1989;  Bulanova  et  al.,  1990;  Deines  and  Harris,  1995;  Szabo 
and  Bodnar,  1995;  etc.).  The  main  distinctive  feature  of  sulfide  inclusions  in  the  Smoky  Butte  and 
Fortuna  lamproites  is  extremely  high  Ni  content  in  possible  MSS  (up  to  50-63  wt.%)  (see  Table).  No 
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MSS  with  that  composition  are  found  anywhere  However,  possible  MSS  from  the  Smoky  Butte  and 
Fortuna  lamproites  drastically  differ  in  chemical  composition  ( see  Figure).  The  MSS  from  fortunite 
has  ratio  Me/S  (in  at  %)  equal  to  1.13-1.29  and  probably  belongs  to  the  pentlandite  type  of  solid 
solutions  (Fe,Ni)9+xS8.  Nevertheless,  it  does  not  except  that  this  phase  may  be  godlevskite  (Ni,Fe)7S6 
(Me/S=l  .  14)  found  in  Cu-Fe-Ni-ores  of  the  Noril’sk  group  (Kulagov  et  al.,  1969;  Czamanske  et  al., 
1992)  or  microintergrowth  of  heazlewoodite  (Ni,Fe)3S2  and  pentlandite.  The  MSS  from  the  Smoky 
Butte  lamproite  is  characterized  by  Me/S  ratio  equal  to  0.98-1.00  and  seems  to  be  a  member  of  the 
hexapyrrhotite  solid  solutions  (Fe,Ni)i.xS.  The  MSS  from  Smoky  Butte  and  Fortuna  are  also 
distinguished  in  the  Cu  content  (up  to  5.5  and  0.3  wt.%,  respectively).  The  MSS  from  Leucite  Hills 
is  also  characterized  by  the  high  Ni  content  (up  to  27  wt.%),  but  has  composition  intermediate 
between  (Fe,Ni)9Sio-  and  (Fe,Ni)7S8-types  of  solid  solutions.  The  similar  MSS  has  been  found  in 
diamonds  (Sobolev  et  al,  1997). 


Table.  Sulfide  inclusions  in  the  early  lamproite  minerals. 


Host  mineral 

Rock,  Locality 

Phase  composition 
of  sulfide  inclusions 

Phase 

Fe 

Ni 

Co 

wt.% 

Cu 

S 

Total 

n 

Olivine-1 

Pn  +  Cp 

Pn 

28,89 

37,27 

0,17 

0,46 

33,10 

99,89 

1 

olivine 

Pn+Cp 

Pn 

28,53 

37,97 

0,17 

0,68 

32,79 

100,14 

1 

hyalolamproite 

MSS+Cp 

MSS 

4,36 

56,32 

0,00 

3,42 

35,49 

99,59 

1 

Smoky  Butte 

Pn+Cp 

Pn 

26,55 

39,70 

0,10 

0,09 

33,43 

99,87 

2 

USA 

Viol 

Viol 

11,07 

45,47 

0,13 

1,60 

41,50 

99,77 

2 

MSS+Cp 

MSS 

3,20 

58,27 

0,00 

2,69 

35,81 

99,97 

2 

MSS+Cp 

MSS 

5,52 

53,03 

0,00 

5,51 

35,79 

99,96 

2 

MSS+Cp 

MSS 

5,93 

55,13 

0,00 

3,68 

35,26 

99,94 

1 

MSS+Cp 

Cp 

30,37 

0,14 

0,00 

34,28 

34,91 

99,70 

1 

Pn+Cp 

Pn 

29,11 

35,85 

0,17 

0,17 

34,81 

100,11 

1 

Cp 

30,50 

0,21 

0,00 

34,30 

34,92 

99,93 

1 

Pn+Cp 

Pn 

27,30 

39,21 

0,11 

0,19 

33,18 

99,99 

2 

Cp 

30,67 

0,21 

0,00 

34,19 

34,90 

99,97 

1 

Enstatite 

Pn 

Pn 

28,56 

31,29 

0,09 

7,25 

32,73 

99,92 

1 

fortunite 

Pn+MSS 

Pn 

18,43 

48,15 

0,06 

0,11 

33,20 

99,95 

1 

SE  Spain 

MSS 

10,33 

57,29 

0,00 

0,22 

32,12 

99,96 

1 

MSS 

MSS 

4,44 

62,85 

0,00 

0,05 

32,62 

99,96 

1 

Pn+MSS 

Pn 

25,01 

41,03 

0,21 

0,10 

33,61 

99,96 

2 

MSS 

9,10 

60,67 

0,00 

0,31 

29,91 

99,99 

2 

Pn 

Pn 

27,28 

38,91 

0,23 

0,06 

33,40 

99,88 

1 

Pn 

Pn 

25,18 

40,52 

0,12 

0,50 

33,51 

99,83 

1 

Pn+MSS 

Pn 

28,59 

37,96 

0,07 

0,02 

33,28 

99,92 

4 

MSS 

12,04 

56,13 

0,07 

0,09 

31,60 

99,93 

1 

Pn+Po 

Pn 

36,60 

29,96 

0,35 

0,04 

32,95 

99,90 

1 

Po 

62,22 

1,11 

0,00 

0,02 

36,56 

99,91 

1 

Pn+Po 

Po 

60,91 

0,28 

0,00 

0,01 

38,78 

99,98 

1 

MSS 

MSS 

17,13 

50,78 

0,08 

0,25 

31,71 

99,95 

1 

Pn+MSS 

Pn 

28,14 

38,17 

0,20 

0,01 

33,35 

99,87 

2 

Olivine 

MSS±Pn 

MSS 

34,73 

25,59 

0,61 

0,00 

38,72 

99,65 

6 

olivine  orendite 

MSS+Ch 

MSS 

33,34 

27,40 

0,47 

0,15 

38,69 

100,05 

1 

Leucite  Hills 

Ch 

31,24 

0,64 

0,07 

32,91 

34,91 

99,77 

1 

Pn  -  pentlandite ,  Cp  -  chalcopyrite,  Po  -  pyrrhotite,  MSS  -  possible  monosulfide  solid  solution,  Viol  -  violarite,  n  - 
number  of  analyses. 
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Figure. 

Fe-(Ni+Co)  variations  in  Fe-Ni  sulfides  hosted  by  early  lamproite  minerals. 
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A  comparison  of  morphology  and  physical  properties  of  microdiamonds 
from  the  mantle  and  crustal  environments 

Shatsky  V.S.1,  Zedgenizov  DA.1,  Yefimova  E.S.1,  Rylov  G.M.1,  De  Corte  K.2,  Sobolev  N.V.1 

1.  United  Institute  of  Geology,  Geophysics  and  Mineralogy,  Novosibirsk  630090,  Russia 

2. Royal  Museum  for  Central  Africa,  Department  of  Geology  and  Mineralogy,  Steenweg  op  Leuven  13,  B-3080  Terwuren, 
Belgium 

Microdiamonds  from  the  Udachnaya  and  Sytykanskaya  kimberlite  pipes  (  <  1  mm)  as  well  as  diamonds 
from  metamorphic  rocks  (10-300  pm),  alluvial  placers  of  the  Kokchetav  Massif  (60-340  pm),  and 
alluvial  placers  in  Western  Australia  (100-200  pm)  have  been  examined  by.  FTIR-spectroscopy, 
cathodoluminescence,  X-ray  topography,  and  scanning  electron  microscopy. 

All  morphological  types  specific  for  diamonds  from  kimberlites  occur  among  metamorphogeneous 
diamonds.  There  are  sharp-edge  octahedral  crystals,  cubo-octahedra,  cuboids,  coated  diamonds,  twinned 
crystals,  and  aggregates.  Variations  in  crystal  morphology  are  established  not  only  within  one  specimen 
but  also,  in  some  cases,  in  a  single  aggregate  ,  with  the  complete  series  of  octahedron-to-cuboid 
transient  forms  observed.  At  the  same  time,  crystals  of  a  certain  habit  are  predominant  in  some  types  of 
rocks.  In  particular,  for  Kokchetav  massif  pyroxene-carbonate  rocks  and  garnet  pyroxenites  are 
characterized  by  cuboids,  while  cataclastic  biotite  gneisses,  by  cubo-octahedral  crystals.  The  most 
widespread  morphological  type  among  the  crystals  of  the  Orlinogorsk  placer  from  the  northern  part  of 
Kokchetav  Massif  and  alluvial  placers  in  Western  Australia  is  cuboid  (  30%).  Unlike  the  crystals  from 
metamorphic  rocks,  the  placer  diamonds  are  dominated  by  dodecahedroids.  Octahedral  crystals  are  rare. 
Rounded  crystals  are  predominant  among  single  crystals  from  the  Udachnaya  and  Sytykanskaya 
kimberlite  pipes  (Fig.l).  The  crystals  of  this  group  are  subdivided  into  octahedroids,  tetrahexahedroids, 
and  dodecahedroids.  Octahedral  crystals  without  traces  of  dissolution  are  scarce.  The  octahedral  crystals 
often  have  additional  faces,  blunting  the  octahedron  edges;  they  correspond  to  various  simple  shapes, 
such  as  rhombic  dodecahedron  and  trigonotrioctahedron.  Cuboids  represent  the  most  rare  group  of 
crystals  (Fig.l). 

Zoning  is  established  for  all  crystal  varieties.  The  most  CL-images  show  stratigraphic  bandings  parallel 
to  {111}  in  octahedrons.  Two  distinct  zones  are  recognized  most  often.  As  a  rule,  there  is  a  bright- 
luminescent  zone  in  the  center,  with  the  step-wise  bandings  or,  more  rarely,  stratigraphic  bandings. 
Sometimes  the  central  part  is  of  block-mosaic  structure.  The  outer  zone  (about  one  fifth  of  the  crystal 
thickness)  reflects  X-rays  much  weaker  than  the  inner  zones,  and  this  indicates  that  the  outer  zone  is 
much  more  perfect.  In  rare  cases,  cross  pattern  are  obsereved  at  the  central  portion  of  crystal.  Also  there 
were  microdiamonds  with  cubic  shape  of  central  zone.Fibrous  structure  of  this  zone  was  established  by 
X-ray  topography.  The  further  evolution  of  the  form  of  crystal  growth  gives  evidence  of  the  cuboid-to- 
octahedral  transformation. 

The  central  core  is  also  observed  in  an  octahedral  from  the  Kokchetav  zoisite  gneiss,  despite  its  small 
size  (30  pm).  The  crystal  has  an  imperfect  structure  with  a  high  density  of  dislocations.  The  X-ray 
section  topograph  taken  in  various  reflections  show  that  the  crystal  volume  is  mostly  occupied  by  cuboid 
growth  sectors. 

Like  the  octahedral  crystals,  the  rounded  ones  from  kimberlite  pipes,  described  as  dodecahedroids,  often 
show  the  stratigraphic  bandings  parallel  to  {111},  however,  less  distinctly  on  CL  images.  Sometimes 
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several  zones  with  rounded  boundaries  are  distinctly  visible.  Observed  in  the  octahedrons,  the  peripheral 
zone  is  not  seen  in  the  dodecahedroids..  In  crossed  nicols,  dodecahedroids  often  exhibit  a  specific 
’tatami’  as  a  result  from  plastic  deformation.  Either  severely  distorted  or  damaged,  a  smaller  crystal 
(usually  less  than  200  pm)  is  observed  in  the  central  part. 

Most  cuboids  from  diverse  deposits  show  fibrous  structure.  In  some  cases  the  crystals  have  a  central 
core.  There  are  distinct  cube  growth  sectors,  between  which,  in  some  cases,  the  deorientation  of  the 
crystal  lattice  is  more  than  between  fibers  within  a  separate  sector.  As  a  rule  cuboids  do  not  show 
luminescence  on  a  CL-image.  An  exception  is  the  crystals  whose  central  part  is  a  rounded  crystal  of 
earlier  generation.  Zonal  and  sectorial  structure  of  some  cuboids  was  revealed  by  optical  examination. 
Zoning  parallel  to  {100}  is  typically  expressed  in  alternation  of  zones  saturated  with  microscopic 
inclusions  and  zones  without  inclusions. 

Investigations  of  microdiamonds  by  FTIR-spectroscopy  showed  that  the  predominant  type  of  nitrogen 
defects  for  the  microdiamonds  from  the  Udachnaya  and  Sytykanskaya  pipes  are  the  defects  A  and  Bl.  A 
considerable  part  of  microdiamonds  (35%)  content  hydrogen  (lines  3107  and  1405  in  IR  spectrum). 
Analysis  of  the  data  obtained  shows  that  there  is  a  great  diversity  in  composition  and  degree  of  nitrogen 
aggregation  among  the  microdiamonds  from  the  Udachnaya  and  Sytykanskaya  pipes.  Thus,  various 
morphological  groups  show  different  A/B  ratios  in  their  infrared  absorption  spectra,  of  The  proportion 
of  nitrogen-free  crystals  of  type  II  is  the  same  among  octahedrons  and  dodecahedroids  and  amounts 
about  4%,  while  no  type  II  crystals  are  found  among  cuboids.  The  type  II  octahedral  crystals  are,  as  a 
rule,  of  block  structure. 

The  cuboids  from  the  Udachnaya  pipe  contain  more  N  than  other  morphological  types.  The  predominant 
part  of  the  cuboids  belong  to  the  pure  type  laA.  The  cuboids  containing  some  defects  Bl  have  a  central 
core  in  the  form  of  octahedron. 

On  recalculation  to  concentration,  differences  are  revealed  in  total  content  of  nitrogen  in  separate  zones 
of  microcrystals  as  well  as  aggregation  state.  Differences  in  IR  spectra  of  central  and  peripheral  zones 
are  distinctly  expressed  for  the  octahedral  microcrystals  from  kimberlite  pipes.  The  percentage  of  B 1 
centers  relative  to  A-centers  is  nearly  always  less  on  the  periphery.  An  exception  is  those  rare  crystals 
where  the  central  part  is  type  II.  In  some  cases  the  difference  is  expressed  in  the  presence  or  absence 
hydrogen  impurities.  As  noticed  above,  some  cuboids  have  zoning  caused  by  microinclusion-saturated 
domains  in  their  central  parts.  The  spectrums  of  these  zones  contain  a  series  of  bands  whose  appearance 
in  diamonds  is  explained  by  the  presence  of  admixed  water  (3420,  1640  cm-1)  and  carbonates  (1430, 
880  cm-1). 

The  presence  of  water  and  carbonate  admixtures  is  also  established  on  examination  of  microdiamonds 
(80-140  m)  from  the  garnet  pyroxenites  of  the  Kokchetav  Massif.  All  the  crystals  investigated  belong  to 
type  Ib-IaA  (la A  varies  from  48  to  69%).  At  the  same  time  the  diamonds  from  the  alluvium  placer  of  the 
Kokchetav  Massif  contain  neither  water  nor  carbonates,  while  the  N  content  may  reach  3770  ppm. 

On  the  basis  of  the  degree  of  aggregation  of  N  atoms  in  the  diamond  structure,  an  attempt  was  made  to 
estimate  the  duration  of  the  diamonds'  exposure  to  high  temperatures.  The  figure  2  applied  shows  that 
the  octahedra  and  dodecahedroids  occupy  a  wide  domain,  and  this  fact  may  be  explained  either  by 
polygenic  nature  of  these  microdiamond  varieties  or  by  a  possible  effect  of  growth  conditions  on  the 
degree  of  N  aggregation  in  diamond . 
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Fig.  1  Graphs  showing  frequencies  of  appearance  of  different  habits  of  microdiamonds  from  Udachnaya 
and  Sytykanskaya  kimberlite  pipes 
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Fig.2  Nitrogen  content  versus  aggregation  state  for  microdiamonds  from  Udachnaya  and  Sytykanskaya 
kimberlite  pipes 
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Location  and  Regional  Geology 

During  the  past  ten  years  Stockdale  Prospecting  Limited  (SPL),  the  exploration  arm  of  De  Beers 
Consolidated  Mines  in  Australia,  has  enjoyed  considerable  technical  success  in  locating  kimberlites 
in  Western  Australia.  New  bodies  have  been  found  on  the  western  Bangemall  Basin  (Ullawarra, 
Barlee  Range,  Illirrie  Bore),  on  the  Eastern  Goldfields  of  the  Yilgam  Craton  (Turkey  Well,  Granite 
Creek,  Red  Well,  Teutonic  Bore,  Rainbow,  Wilbah,  Melita)  and  on  the  Marymia  Dome  (Nabberu) 
see  Figure  1 .  This  abstract  describes  the  discovery  and  geology  of  the  Nabberu  kimberlite  province, 
which  lies  on  the  NE  flank  of  Archaean  granitoid  rocks  of  the  Marymia  Dome.  Proterozoic 
sedimentary  rocks  of  the  Nabberu  Basin  on-lap  the  NE/SW  trending  southern  margin  of  the  dome 
and  flank  the  northern  margin  of  the  Archaean  Yilgam  Block.  The  area  is  part  of  the  Capricorn 
Orogen,  a  major  tectonic  belt  separating  the  Yilgam  and  Pilbara  Cratons.  The  internal  structure  of 
the  Capricorn  Orogen  is  interpreted  to  reflect  collision  between  the  Yilgam  and  Pilbara  Cratons. 
Within  the  Marymia  Dome,  the  dominant  NE  trending  lineaments  are  aligned  with  its  faulted 
southern  margin,  along  which  thrusting  and  shearing  has  resulted  in  uplift  of  the  dome  by  as  much 
as  5km  (Bunting  et  al.,  1977). 

Exploration  History  and  Methodology 

In  1986,  Western  Mining  Corporation  discovered  four  ultramafic  lampropyhric  (damkjemite  and 
allikite)  intrusive  bodies  near  Bulljah  Pool  in  central  Western  Australia  (Hamilton  and  Rock,  1990; 
Hamilton,  1992).  These  marginally  diamondiferous  rocks  of  deep  mantle  origin  have  many  affinities 
with  classical  kimberlites.  Their  discovery  prompted  SPL  to  start  reconnaissance  sampling  over 
well-drained  areas  on  the  Nabberu  1:250,000  sheet  (SG51-05).  Stream  sampling  between  1987  and 

1989  showed  the  Eastern  Creek  drainage  of  the  Marymia  sub-area  to  be  of  particular  interest  with 
the  recovery  of  abundant  kimberlitic  chromites.  An  aeromagnetic  survey  of  SPL  exploration 
licences  in  the  Eastern  Creek  area  revealed  the  presence  of  52  magnetic  anomalies  (MAO  1-52).  In 

1990  these  anomalies  were  followed-up  by  ground  magnetics,  heavy  mineral  and  geochemical 
sampling,  and  where  warranted,  by  drilling.  Twelve  kimberlites,  four  of  which  are  diamondiferous 
but  sub-economic  and  numerous  related  “lamprophyric”  rocks  were  discovered  during  1991  and 
1992.  The  largest  kimberlite,  Nabberu  01,  a  diamondiferous  body,  was  discovered  after  work  on 
magnetic  anomaly  MA47  and  TM  anomaly  TM9 1 .  This  body  was  the  recipient  of  most  of  the 
follow  up  work  which  included  heavy  mineral  and  geochemical  sampling,  geological  mapping, 
diamond  drilling,  SIROTEM  traverses,  a  gravity  survey  and  a  bulk  sample  for  diamonds.  The 
kimberlites,  found  by  airborne  magnetics,  are  larger  than  the  lamprophyres,  which  were  found  by 
ground  mapping.  These  bodies,  all  of  which  are  small  pipes  (<  2ha)  or  dykes,  comprise  part  of  a 
new  kimberlite  province  (Figure  2). 
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Diamond  Recoveries 

A  bulk  sample  from  Nabberu  01  indicates  that  the  body  is  poorly  diamondiferous  with  a  grade  of  ~1 
CPHT.  Thirty-one  diamonds  (-1.0mm  +0.3mm)  were  recovered  from  heavy  mineral  concentrates  of 
drill  cuttings  and  low  counts  of  micro-diamonds  were  recovered  in  surface  rock  samples  and 
borehole  core  from  Nabberu  01.  Nabberu  04,  Nabberu  08,  and  Nabberu  15  are  also  weakly 
diamondiferous. 

Petrography 

The  kimberlites  and  “lamprophyres”  are  highly  altered,  even  in  drill  core.  The  kimberlites  have 
textures  ranging  from  mylonite,  particularly  near  the  margins  of  the  bodies,  through  to  unsheared 
hypabyssal  facies  macrocrystic  kimberlite  near  their  centres.  Shearing  has  produced  a  schistosity 
overprinting  the  original  textures.  In  thin  section,  the  least  deformed  kimberlites  contain  altered 
olivine  macrocrysts  and  phenocrysts  set  in  a  matrix  of  altered  monticellite  (pseudomorphed  by 
quartz),  relict  laths  of  mica  (originally  phlogopite),  altered  perovskite,  apatite,  rutile  and  chromium- 
rich  spinels.  The  groundmass  contains  abundant  secondary  iron  oxides  and  is  altered  to  talc, 
serpentine,  or  quartz.  Most  of  the  smaller  intrusions  are  classified  as  lamprophyric  rocks.  Extensive 
weathering  masks  most  of  the  primary  mineralogy,  particularly  within  the  groundmass  and,  as  such, 
specific  classifications  are  not  possible.  The  “lamprophyres”  are  fine  grained,  pandiomorphic  rocks 
consisting  of  altered  mica  phenocrysts  (~lmm)  and  microphenocrystic  groundmass  laths.  Olivine  is 
typically  rare  or  absent  and  primary  feldspar  is  present  in  a  few  samples.  Chromium  spinel 
xenocrysts  are  rare  or  absent  in  the  lamprophyric  rocks. 

Indicator  Minerals 

Heavy  mineral  concentrates  from  the  Nabberu  kimberlites  are  dominated  by  chromium-rich  spinels 
with  rare  diamond,  pyrope  garnet  and  picro-ilmenite.  Major  and  trace  element  analyses  of  the 
chromites  from  the  Nabberu  kimberlites  have  Cr-Mg-Ti-Ni-Al-Ga  contents  consistent  with  mantle- 
derived  xenocrysts.  In  some  chromites  Zn  and/or  Mn  has  clearly  replaced  Mg  (Figures  3  and  4),  this 
being  attributed  to  low  temperature  metamorphic  equilibration  which  probably  occurred  during  the 
deformation  events  which  sheared  the  kimberlites. 

Structural  Geology  and  Tectonic  History 

Geological  mapping  indicates  that  emplacement  and  shearing  of  the  intrusions  was  controlled  by 
two  major  deformation  events  and  by  at  least  three  minor  events.  Structural  relationships  indicate 
emplacement  ages  of  1900Ma  and  1900-1700Ma  for  the  kimberlite  and  lamprophyric  rocks 
respectively,  making  these  some  of  the  oldest  kimberlites  ever  discovered.  Alteration  has  prevented 
conventional  radiometric  dating  of  the  emplacement  ages  of  these  intrusions. 
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Figure  1.  Locations  of  kimberlites  and  related 
rocks,  Western  Australia,  i  Nabberu  (SPL),  2  Jewiii 
(CRA),  3  Bulljah  (WMC),  4  Ullawarra  (SPL),  5  Barlee 
Range  (SPL),  6  Illirrie  Bore  (SPL),  7  ETL  (Diamond 
Ventures),  8  Gifford  Creek,  9  Wandagee  (CRA,  SPL),  10 
Melrose  Akbar  (WMC,  SPL),  11  Turkey  Well  (SPL),  12 
Granite  Creek  (SPL),  13  Red  Well  (SPL),  14  Teutonic  Bore 
(SPL),  15  Rainbow  (SPL),  16  Wilbah  (SPL),  17  Melita 
(SPL),  18  Mt  Weld,  19  Placer  Pacific,  20  Lara  (WMC,  SPL), 
21  Ponton  Creek  /  Cundeelee,  22  Norseman  (SPL). 


Figure  2.  Location  of  the  Nabberu  kimberlites, 
Marymia  Dome,  Western  Australia. 
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Figure  3.  Cr203  vs  MgO,  Nabberu  01  spinels.  Figure  4.  Cr203  vs  Ti02,  Nabberu  01  spinels. 
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Geochemical  processes  leading  to  the  formation  of  peridotitic  diamonds  are  still  not  clearly 
understood,  partly  because  geochemistry  of  diamond  host  rocks  is  poorly  known.  In  Siberian 
kimberlites,  peridotitic  diamonds  occur  in  megacrystalline  dunites/harzburgites  (Sobolev,  1974; 
Pokhilenko  et  al.,  1977;  Sobolev  et  ah,  1984)  and  their  mineral  chemistries  (olivine,  garnet,  and 
occasional  spinel  and  orthopyroxene)  are  very  similar  to  those  of  diamond  inclusions  (e.g., 
Pokhilenko  etal.,  1991). 

Isotopically,  these  rocks  are  characterized  by  unradiogenic  Os  (y  ranges  from  -7.5  to  -15)  and 
Nd  (e  from  -18.6  to  -55.1),  demonstrating  their  ancient  lithospheric  provenance  (Pearson  et  al., 

I  1995). 

The  purpose  of  this  study  is  to  characterize  garnets  in  megacrystalline  dunites/harzburgites 
for  trace  element  abundance  patterns  and  distributions  in  order  to  establish  a  comprehensive  dataset 
which  can  be  compared  with  the  growing  volume  of  data  of  peridotitic  garnet  inclusions  in  diamonds 
(e.g.,  Shimizu  et  al.,  1 997). 

Samples  used  are  all  from  the  Udachnaya  kimberlite  pipe.  Some  have  been  analyzed  for  Os 
(whole-rocks),  and  Nd  and  Sr  (garnets)  isotopes  (Pearson  et  al.,  1995).  Some  are  diamond-bearing. 
Garnet  in  these  rocks  is  finer-grained  (0.2  -  6  mm)  relative  to  olivine  (up  to  1 0  cm),  and  frequently 
occurs  in  strings  or  layers.  These  rocks  generally  occur  as  small  friable  xenoliths,  and  in  fact,  some 
samples  were  available  only  in  crushed  form. 

A  Cameca  IMS  3f  ion  probe  at  Woods  Hole  Oceanographic  Institution  was  used  to 
determine  concentrations  of  Ti,  V,  Sr,  Y,  Zr,  La,  Ce,  Nd,  Sm,  Eu,  Dy,  Er  and  Yb.  Rare  earth 
elements  were  determined  with  a  spatial  resolution  of  ~30  Jim,  whereas  other  trace  elements  used  a 
smaller  beam  size  ( ~5  pm).  All  analyses  were  made  with  an  energy  offset  of  -90  V.  Analytical 
uncertainties  range  from  10-30  %  for  rare  earth  elements  to  3  -  5  %  for  other  trace  elements. 
Important  features  observed  are  as  follows: 

1  (1)  Trace  element  abundances  and  abundance  patterns  of  subcalcic  garnets  in  megacrystalline  dunites 
are  very  similar  to  those  of  the  peridotitic  garnet  inclusions  in  diamonds  from  Siberia.  For  instance, 
REE  patterns  are  typically  sinusoidal  with  [La]n  <~1,  maximum  at  [Sm]n  ~5,  minimum  at  [Dy]n 
~0.8  and  [Yb]n~2-5; 

(2)  Element  correlations  are  quite  variable  from  sample  to  sample  and  no  systematic  trends  can  be 
obtained; 

(3)  Grains  are  commonly  zoned  with  respect  to  some  elements  with  ranges  of  variations  over  a 
factor  of  4  -  5  over  distances  of  tens  of  micrometers; 

(4)  Individual  grains  in  a  given  sample  often  display  significant  (up  to  a  factor  of  5)  grain-by-grain 
heterogeneities. 

These  results  suggest  that  garnets  in  megacrystalline  rocks  represent  material  environment 
and  geochemical  processes  very  similar  to  those  for  peridotitic  garnet  inclusions  in  diamonds.  It  was 
also  observed  that  except  for  minor  kelyphitic  alteration  there  is  no  indication  for  chemical 
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modification  after  crystallization.  Zoning  and  grain-by-grain  heterogeneities  observed  over  short 
distances  indicate  that  growth  of  garnet  crystals  occurred  under  highly  non-equilibrium  conditions. 
The  results  also  suggest  that  garnets  in  these  rocks  formed  shortly  before  eruption  of  kimberlite, 
similar  to  garnet  inclusions  in  diamonds.  Ancient  model  ages  (Pearson  et  al.,  1995)  can  be  reconciled 
with  young  formation  ages  via  fluid-assisted  dissolution/precipitation  mechanisms  which  mobilized 
and  transported  ancient  lithospheric  materials  and  precipitated  garnet.  This  type  of  process  may 
also  explain  characteristic  occurrence  of  garnet  in  these  rocks. 
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Chemical  characteristics  of  lithospheric  peridotites  and  constituent  minerals  could  reflect 
processes  of  lithosphere  formation  and  evolution.  The  recognition  that  the  Kaapvaal  and  Siberian 
lithospheric  peridotites  have  excessive  abundances  of  orthopyroxene  (e.g.,  Boyd,  1996)  has 
important  implications  for  geochemical  processes  and  environments  in  which  cratonic  roots  in  these 
regons  occurred  (e.g.,  Kelemen  and  Hart,  1995).  Ancient  "enrichment  process"  inferred  from  Sm-Nd 
model  ages  (e.g.,  Richardson  et  al.,  1978;  Pearson  et  al.,  1995)  may  be  related  to  processes  of 
orthopyroxene  formation. 

In  contrast,  recent  results  show  that  lithospheric  peridotites  from  the  Slave  craton(Canada) 
do  not  have  excessive  orthopyroxene  (Boyd,  1997),  indicating  that  evolutionary  histories  could  vary 
from  craton  to  craton. 

An  attempt  was  made  here  to  examine  whether  trace  element  abundance  patterns  of 
lithospheric  peridotites  beneath  the  Slave  craton  reflect  the  differences  in  mineralogy  and  the  major 
element  composition.  Since  only  very  few  peridotite  xenoliths  have  been  available  for  examination, 
garnet  grains  in  heavy  mineral  concentrates  collected  for  diamond  exploration  in  the  Slave  Province 
were  analyzed  here  as  representing  random  samples  of  the  lithospheric  root  beneath  the  Canadian 
Shield. 

An  epoxy  mount  containing  more  than  450  grains  from  the  Camsell  Lake  kimberlite  field  (CL 
60493)  was  analyzed  for  major  elements  (at  UIGGM,  Novosibirsk)  and  for  La,  Ce,  Nd,  Sm,  Eu,  Dy, 
Er,  Yb,  Ti,  V,  Sr,  Y,  and  Zr  (at  Woods  Hole  Oceanographic  Institution  using  a  Cameca  IMS  3f  ion 
probe).  For  all  elements  an  energy  offset  of  -90  v  was  used.  Analytical  uncertainties  range  from  10- 
30%  for  REE  to  3-5%  for  other  trace  elements. 

Results  on  garnets  from  the  CL-25  kimberlite  pipe  from  the  same  general  area  (Pokhilenko  et 
al.,  1997)  demonstrate  that  CaO  vs  Cr203  variations  of  the  Slave  craton  garnets  are  significantly 
different  from  those  of  a  similar  population  (heavy  mineral  concentrate  garnets)  from  the  Udachnaya 
pipe  (Sobolev  et  al.,  1977;  see  their  Fig.  b).  The  Slave  population  studied  here  is  characterized  by 
relative  scarcity  of  subcalcic  "harzburgite"  compositions  (<4%  of  320  analyzed;  cf.  ~20%  of  265  for 
Udachnaya),  and  by  dominant  "lherzolitic"  compositions  (>90%).  It  is  also  noticeable  that  garnets 
with  high  CaO  and  Cr203  (CaO>6%,  Cr2O3>10%)  are  present  (~8%;  cf  ~6%  for  Udachnaya). 

Salient  points  of  the  trace  element  results  can  be  summarized  as  follows: 

(1)  Sinusoidal  REE  patterns,  which  are  typical  for  purple/pink  garnets  from  Kaapvaal  and  Siberian 
peridotites,  are  not  common  in  the  Slave  craton  lherzolitic  garnets  (<20%); 

(2)  Instead,  the  majority  of  lherzolitic  garnets  have  smoothly  LREE-depleted  patterns  typical  for 
mantle  garnets  with  [La]n  ~0.1  and  [Yb]n  ~10. 

(3)  High-Ca,  high-Cr  garnets  invariably  show  LREE-enriched  and  sinusoidal  patterns,  and  can  have 
anomalously  high  Sr  contents  (>10  ppm). 

The  results  demonstrate  that  trace  element  abundances  of  lithospheric  peridotites  beneath 
the  Slave  craton  rarely  display  evidence  for  "metasomatism"  and  "enriched  signatures".  This  could 
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be  a  reflection  of  their  differences  in  major  elements  and  orthopyroxene  abundances  from  the 
Kaapvaal  and  Siberian  counterparts. 
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Trace  element  heterogeneities  of  in-situ  diamond  inclusion  garnets  from 

Siberia. 

N.  Shimizu1,  N.  V.  Sobolev2,  and  E.  S.  Yefimova2 

1:  Department  of  Marine  Geology  and  Geophysics,  Woods  Hole  Oceanographic  Institution,  360  Wood  Hole  Rd, 

Woods  Hole,  MA  02540-1541,  USA 

2:  United  Institute  for  Geophysics  and  Mineralogy,  Russian  Acad.  Sci.,  Novosibirsk 

A  question  has  been  raised  for  trace  element  abundances  of  garnet  inclusions  in  diamonds 
reported  by  Shimizu  and  Sobolev  (1995)  and  Shimizu  et  al.  (1997),  as  garnets  were  liberated  by 
burning  host  diamonds,  which  might  have  contributed  to  highly  heterogeneous  distribution  of 
elements.  Since  chemical  heterogeneities  were  used  as  strong  evidence  for  young  formation  ages  of 
diamonds,  it  is  important  to  demonstrate  that  chemical  heterogeneity  is  not  resulted  from  burning. 

We  report  here  results  of  trace  element  analyses  of  peridotitic  garnet  inclusions  exposed  in- 
situ  in  host  diamonds. 

Analytical  techniques  used  here  are  identical  to  those  used  in  previous  studies  (e.g.,  Shimizu 
et  al.,  1997);  a  Cameca  IMS  3f  ion  probe  at  Woods  Hole  Oceanographic  Institution  was  operated 
with  an  energy  offset  of  -90  V  for  Ti,  V,  Sr,  Y,  and  Zr,  and  -60  V  for  rare  earth  elements.  A  spatial 
resolution  of  approximately  5pm  was  used.  Samples  studied  are  from  Mir,  Udachnaya  and  Aikhal 
kimberlite  pipes. 

Since  host  diamond  prevents  further  grinding  and  polishing  of  garnet  after  an  analytical 
session,  chances  for  exposing  a  high-Sr  corner  (e.g.,  Shimizu  et  al.,  1997)  are  considerably  lower  than 
liberated  grains.  In  addition,  most  grains  analyzed  here  had  pieces  broken  off  during  sample 
preparation,  which  further  decreases  chances  for  complete  documentation  of  chemical 
heterogeneities. 

At  the  time  of  writing,  1 0  in-situ  grains  were  analyzed  on  more  than  5  spots.  6  of  these 
grains  were  found  to  have  at  least  one  element  varying  more  than  a  factor  of  2.  2  grains  showed  Sr 
variations  by  more  than  a  factor  of  10.  Sr  showed  the  largest  overall  variability  in  frequency  and 
range,  but  in  some  grains  Y  or  Zr  was  the  most  variable.  The  most  spectacular  was  Ud-5 
(Udachnaya);  Sr  variation  was  similar  to  MR  129/15  (Mir)  described  previously  (Shimizu  and 
Sobolev,  1995),  with  Sr  ranging  from  313  to  5.0  ppm,  Y  by  a  factor  of  4,  and  Zr,  in  contrast,  by 
only  45%.  The  high-Sr  corner  of  the  grain  possesses  a  smoothly  LREE-enriched  pattern  with  [La]n 
=160,  [Ce]n  =140,  [Dy]n  =  3.8.  [Yb]n  =2.2.  The  center  of  the  grain  (Sr  =  5.0  ppm)  has  a  sinusoidal 
pattern  with  [La]n  =0.6,  [Nd]n=ll.  [Dy]n=1.5,  [Yb]n  =  2.1. 

Although  the  number  of  grains  examined  is  not  large  the  results  clearly  demonstrate  that 
chemical  heterogeneities  in  in-situ  garnets  are  comparable  to  bum-liberated  counterparts  in 
frequency  and  concentration  range.  It  is  concluded  therefore  that  the  results  reported  previously  are 
not  an  artifact  derived  from  burning  diamonds. 
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Implications  for  Diamond  Growth  and  Archean  Tectonic  Processes 
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Eclogites  are  thought  to  make  up  perhaps  less  than  1  %  by  volume  of  the  subcontinental  lithospheric 
mantle  (SCLM;Schulze,  1989).  At  kimberlite  pipes  where  they  constitute  the  bulk  of  the  xenolith 
population  (e.g.  Newlands,  Orapa,  Roberts  Victor),  they  have  been  proposed  to  be  survivors  that 
have  not  disaggregated  like  their  formerly  coexisting  metasomatized  peridotitic  counterparts  (Schulze, 
1989).  Nonetheless,  understanding  the  petrogenesis  of  the  eclogites  is  important;  they  can  be 
strikingly  diamondiferous,  they  are  thought  to  represent  basaltic  material  emplaced  at  SCLM  depths, 
they  often  carry  surficial  geochemical  signatures  indicative  of  recycled  materials.  Recent  Re-Os 
whole  rock  isochrons  on  diamondiferous  eclogites  from  Udachnaya,  Siberian  craton  (Pearson  et  al., 
1995)  and  Newlands,  Kaapvaal  craton  (Menzies  et  al.,  1998)  have  clearly  established  these  eclogite 
suites  as  2.9±0.4  and  3.6±0.6  Ga  old  (respectively)  and  serve  as  one  of  the  firmer  constraints  on 
craton  antiquity. 

The  Roberts  Victor  kimberlite  is  a  128±15  Ma  old  (Smith  et  al.,  1985a)  Group  II  kimberlite 
(Smith  et  al.,  1985b)  situated  in  the  Boshoff  district  ENE  of  Kimberley.  It  is  known  for  its  abundant 
and  texturally  diverse  eclogite  suite  (Hatton  and  Gurney,  1987;  MacGregor  and  Carter,  1970).  Based 
largely  on  work  on  Roberts  Victor  eclogites,  Kaapvaal  craton  eclogites  have  been  divided 
petrographically,  mineralogically  and  geochemically  into  Group  I  and  Group  II  types  (MacGregor  and 
Carter,  1970;  MacGregor  and  Manton,  1986;  McCandless  and  Gurney,  1989).  Group  I  eclogites 
have  large,  subhedral  or  rounded  garnets  in  a  matrix  of  clinopyroxene,  have  higher  Na20  (>0.09 
wt%)  in  their  garnet,  higher  K20  (>0.08  wt%)  in  their  pyroxene,  and  higher  5180  compared  to  the 
Group  II  eclogites.  Group  II  eclogites  have  irregular  anhedral  garnet  and  clinopyroxene  in  an 
interlocking  fabric.  Diamondiferous  eclogites  belong  to  Group  I  using  the  Na2Ogt  and  K2Ocpx  scheme 
(McCandless  and  Gurney,  1989). 

This  Re-Os  study  of  the  eclogites  at  Roberts  Victor  was  undertaken  for  a  number  of  reasons: 
to  accurately  determine  the  residence  time  of  these  eclogites  in  the  SCLM,  to  see  how  the  Re-Os 
systematics  of  nondiamondiferous  eclogites  compare  to  more  completely  studied  diamondiferous 
types,  and  to  see  if  there  are  any  differences  in  the  Re-Os  systematics  and  ages  between  texturally  and 
chemically  distinct  Group  I  and  Group  II  types.  Previous  Pb-Pb  (Kramers,  1979;  Manton  and 
Tatsumoto,  1971)  and  Sm-Nd  (Jacob  and  Jagoutz,  1994)  isotopic  work  on  Roberts  Victor  eclogites 
had  shown  a  2. 5-2. 7  Ga  Archean  age  that  perhaps  could  be  extended  back  to  3.2  Ga  (Manton  and 
Tatsumoto,  1971)  but  nontheless  is  younger  than  the  3.6  Ga  age  of  the  Newlands  Re-Os  eclogite 
array.  There  is  ample  evidence  in  the  U-Pb  and  Sm-Nd  systems  for  reequilibration  between  garnet 
and  clinopyroxene  up  to  the  time  of  kimberlite  eruption  (Jacob  and  Jagoutz,  1994;  McCulloch,  1989). 
Previous  studies  (Hatton  and  Gurney,  1987;  MacGregor  and  Manton,  1986)  suggested  Roberts 
Victor  Group  I  eclogites  are  cumulate  oceanic  crustal  gabbros  or  remelted  oceanic  crust  whereas 
Group  II  eclogites  are  chilled  basaltic  liquids  with  seawater  interaction  or  in-situ  melts  of  SCLM 
garnet  lherzolite  that  interacted  with  eclogite  magma.  A  recent  Sr,  Nd,  Pb  and  O  isotopic  study  of 
eclogites  from  the  Orapa  kimberlite,  Botswana  suggested  Group  I  eclogites  there  derive  from  young 
subducted  oceanic  crust  +  sediment  whereas  Group  II  samples  derive  from  an  older  depleted  protolith 
(Viljoen  et  al.,  1996).  Re-Os  isotopic  work  could  resolve  such  petrogenetic  models  and  protolith  age 
indications,  yet  to  date  there  has  been  no  Re-Os  study  of  non-diamondiferous  eclogites  and  no 
systematic  investigation  of  the  Group  I  and  Group  II  differences. 

Three  gram  aliquots  of  8  eclogites  and  one  diamondiferous  websterite,  crushed  in  an  alumina 
jaw-crusher  and  puck  mill,  were  equilibrated  with  Re  and  Os  radiotracers  and  digested  in  Carius  tubes 
at  240°C  for  two  days  (Shirey  and  Walker,  1995).  Os  was  separated  by  solvent  extraction  into  CC14, 
back  extracted  into  HBr  and  purified  by  microdistillation  (Birck  et  al.,  1997)].  Re  was  isolated  and 
purified  by  cation  exchange  chromatography  (Morgan  and  Walker,  1989). 
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Rhenium  contents  of  Group  I  eclogites  (0.78  to  3.4  ppb)  are  distinctly  higher  than  Group  II 
eclogites  (0.023  to  0.38  ppb)  whereas  Osgcontents  on  both  groups  are  high  (0.16  to  0.92  ppb)  and 
overlap  completely  (Figure  1).  870s/  8Os  isotopic  compositions,  age-corrected  to  the  time  of 

kimberlite  eruption  show  quite  a  range  but  with  one  exception  are  strongly  radiogenic  (0.1412  to 
1.159)  in  common  with  other  eclogite  suites.  On  a  Re-Os  isochron  diagram,  Roberts  Victor  eclogites 
scatter  considerably  but  6  of  the  9  analyzed  samples  generally  follow  a  3.5  Ga  Re-Os  array  defined  by 
the  diamondiferous  eclogites  from  the  Newlands  kimberlite  (Figure  2;  Menzies  et  al.,  1998)  Three  of 
the  9  samples  display  severe  recent  Re  gain  (3.4  ppb)  or  loss  (0.02  ppb). 

Although  the  Re-Os  data  set  is  at  present  limited,  some  interesting  conclusions  may  be  drawn. 
We  interpret  adherence  of  most  of  the  Roberts  Victor  eclogites  to  the  3.5  Ga  Newlands  array  (Figure 
2)  as  showing  that  the  true  emplacement  age  of  the  eclogite  protoliths  was  in  the  early  Archean.  Thus 
the  formation  of  Kaapvaal  eclogites  dates  from  the  birth  of  the  craton  itself.  It  is  striking  that  the 
oldest  bona  fide  ages  are  obtained  on  the  two  diamondiferous  samples  at  Roberts  Victor  whereas  the 
nondiamondiferous  samples  have  scattered  age  systematics.  The  fact  that  nearly  all  Roberts  Victor, 
Newlands  and  Udachnaya  diamondiferous  eclogites  give  good  mid-  to  early-  Archean  Re-Os  isochron 
ages  suggests  that  the  Re-Os  system  in  diamondifereous  eclogites  may  be  less  disturbed  than  in 
nondiamondiferous  eclogites.  Given  the  scatter  in  the  nondiamondiferous  eclogite  data  (Figure  2),  no 
discernible  age  difference  is  yet  apparent  between  Group  I  and  Group  II  eclogites.  The  better 
preservation  of  early  Archean  ages  in  diamondiferous  eclogites  at  Roberts  Victor  argues  strongly  that 
the  these  diamonds  are  have  early  Archean  in  ages  similar  to  their  silicate  hosts.  They  are  not  likely  to 
be  introduced  at  later  times  because  diamond  formation  would  not  necessarily  preferentially  affect  the 
oldest  eclogites.  We  suggest  that  the  diamond-free  Group  I  eclogites  may  have  been  diamond-bearing 
at  one  time  and  had  their  diamonds  destroyed  and  Re-Os  systematics  scattered  by  metamorphic  or 
metasomatic  processes  after  emplacement.  We  surmise  that  this  process  was  not  as  severe  in  the 
diamondiferous  Group  I  eclogites  and  left  the  diamonds  and  Re-Os  system  in  these  rocks  intact. 

The  Os  concentrations  of  Roberts  Victor  and  Newlands  (Menzies  et  al.,  1998)  eclogites  are 
strikingly  similar  and  much  higher  than  the  Udachnaya  eclogites  studied  by  Pearson  et  al.  (1995) 
which  are  akin  to  the  low  Os  concentrations  common  in  basalts  (Figure  1).  This  suggests  Siberian 
and  Kaapvaal  eclogites  may  have  formed  by  fundamentally  different  processes.  On  a  Re  vs  Os 
concentration  plot,  the  Roberts  Victor  eclogites  fall  near  the  fields  for  primitive  ocean  island  basalt 
(OIB),  komatiite  and  continental  flood  basalt  (CFB)  picrite,  not  typical  evolved  mid-ocean  ridge  basalt 
(MORB)  or  oceanic  gabbros.  This  rules  out  most  of  the  previously  proposed  models  for  Kaapvaal 
eclogite  formation  described  above.  If  the  eclogite  precursors  were  formed  in  an  Archean  ocean-floor 
environment  and  accreted  to  the  SCLM  then  they  must  represent  primitive  portions  of  oceanic  plateaus 
or  ocean  islands,  or  high-temperature,  basaltic  komatiitic  ocean  ridge  products,  not  the  Archean 
equivalent  of  normal  MORB.  Alternatively  they  could  be  deep-seated  plume  melts  such  as  picrite  or 
basaltic  komatiite  emplaced  into  the  craton  at  SCLM  depths  but  in  this  case  explaining  the  elevated 
6180  would  be  difficult. 
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Trace  Elements  in  Inclusion-free  Diamonds  from  Venezuela  and  Arkhangelsk 

Deposits 
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Substantial  role  of  fluids  in  processes  of  diamonds  formation  was  first  emphasized  by  Zezin  et  al. 
(1981)  and  Galimov  (1984)  from  the  INAA  study  of  diamonds  from  Russian  deposits.  Importance 
of  fluids  for  diamond  origin  is  confirmed  in  the  present  study.  In  this  report  we  present  results  of  the 
instrumental  neutron  activation  analyses  (INAA)  of  individual  diamond  crystals  from  Venezuela 
placers  and  from  several  pipes  of  the  Arkhangelsk  region  (NE  Europe).  Samples  from  Arkhangelsk 
region  are  presented  by  chips  left  after  inclusions  recovery  and  represent  both  parageneseses.  The 
data  on  the  composition  of  mineral  inclusions  is  published  elsewhere  (Zakharchenko  et  al.,  1991) 
The  parageneses  of  the  Venezuelan  diamonds  is  unknown,  however,  the  absolute  predominance  of 
basic  inclusions  (more  than  98%,  N.V.  Sobolev  et  al.,  1997,  submitted)  in  diamonds  from  these 
placers  permits  to  attribute  these  samples  to  E-type. 

All  samples  were  examined  under  optical  microscope  with  crossed  and  parallel  polarizers.  The 
magnification  used  was  50x-500x.  No  inclusions  were  detected  in  analyzed  samples  under  these 
conditions.  The  samples  were  individually  boiled  in  Teflon  beakers  in  mixture  of  pure  acids 
(HF+HNO3)  and  rinsed  in  distilled  water  before  and  after  irradiation.  Integral  flux  was  about  8xl017 
neutrons.  KH1  and  RUS1  were  used  as  standards  and  as  flux  monitors.  Samples  were  counted  with 
a  HpGe  detector  in  three  periods.  The  concentration  of  the  following  elements  were  determined  by 
INAA:  La,  Ce,  Sm,  Eu,  Tb,  Yb,  Lu,  Ca,  Sr,  Ba,  K,  Sc,  Cr,  Fe,  Co,  Ni,  Rb,  Na,  As,  Hf,  Zr,  Th,  U,  Ta, 
Se,  Zn,  Au,  W.  Low  concentration  of  impurities  and  small  mass  of  the  samples  lead  to  relatively 
high  errors  (up  to  50  rel%  at  3a)  for  some  elements;  for  majority  the  errors  were  less  than  20  rel%. 

In  order  to  detect  surface  contamination  (if  any)  by  samples  preparation,  we  analyzed  (111)  surfaces 
of  several  diamonds  prior  and  after  cleaning  procedure  by  the  Rutherford  Backscattering  (Shiryaev 
and  Kulikauskas,  in  prep.).  It  was  shown  that  our  treatment  introduced  small  amount  of  Au.  As  it  is 
impossible  to  correct  rigorously  the  INAA  figures  for  gold  (1-10  ppb),  Au  is  not  discussed  further. 
Trace  elements  determined  in  diamonds  may  be  attributed  to  structural  impurities  or  to  micro¬ 
inclusions.  As  is  known,  N,  H,  Ni  and  B  could  present  as  substitutional  or  interstitial  atoms  in 
natural  and  synthetic  stones.  Arsenic  and  phosphorus  could  be  incorporated  as  substitutional  atoms 
during  HPHT  synthesis.  The  presence  of  structural  oxygen,  sulfur  in  natural  lb  diamonds  and  Co  in 
synthetic  stones  was  inferred  from  EPR  and  luminescence  data  but  these  interpretations  are  not 
decisive.  From  results  of  nuclear  probing,  IR  studies  and  crushing  of  diamonds  it  was  suggested 
(Melton  and  Giardini,  1981;  Navon  et  al.,  1988;  Properties  of  diamond,  1992;  Bulanova  et  al.,  1993) 
that  all  diamonds  contain  homogeneously  distributed  submicroscopic  inclusions  of  a  parental 
magma,  consisting  of  a  silicate  melt  with  a  miscible  carbonate  and  immiscible  sulfide  fractions 
together  with  volatiles  (H20,  C02,  CO,  CH4).  It  is  shown  that  if  diamond  contains  mineral  inclusion 
the  output  of  gases  will  be  higher.  The  volatiles  not  related  to  mineral  inclusions  may  reside  in 
micro  cavities.  The  results  of  positron  annihilation  (PAS)  studies  by  Fujii  et  al.  (1995)  and  our  PAS 
and  Small-Angle  X-ray  Scattering  (Shiryaev  et  al.,  in  prep.)  investigations  of  diamonds  of  different 
types  in  Robertson’s  classification,  clearly  point  to  the  existence  of  voids  with  sizes  ranging 
approximately  from  10  to  25  A  and  filled  with  a  low-electron  density  material.  From  PAS  it  follows 
that  pressure  in  this  inclusions  exceeds  1  GPa.  These  inclusions  could  serve  as  a  host  for  entrapped 
fluids. 


Results 

The  Figures  1  and  2  show  the  Primitive  Mantle-normalized  (McDonough  and  Sun,  1995)  element 
abundances  of  the  diamonds  from  Venezuela  and  from  Arkhangelsk  region,  correspondingly.  Both 
suites  of  diamonds  have  similar  elemental  patterns,  differences  are  mostly  in  the  degree  of 
enrichment/depletion.  Micro-inclusions  in  studied  diamonds  are  enriched  in  LIL  and,  to  lesser 
extent,  by  HFSE  (Zr).  It  is  unlikely  that  LILE  in  our  samples  are  related  directly  to  kimberlite  event 
because  La/Th,  U/Th,  K/Rb,  Sr/Ba  and  other  ratios  does  not  correspond  to  kimberlitic  or  lamproitic 
values.  The  presence  of  fluids  (hydrous  and/or  carbonatitic)  could  explain  the  LIL  and  HFSE 
enrichment.  However,  Zr  is  believed  to  be  immobile  in  aqueous  fluids  and  no  decisive  explanation 
of  its  high  concentration  was  made.  Apparent  significant  fractionation  of  Zr  and  Hf  is  likely  to  be 
explained  by  experimental  artifact.  The  reason  of  dramatic  depletion  in  Sm  relative  to  other  REE 
(see  also  Fig.  #6  in  Fesq  et  al.,  1975)  is  yet  unknown:  experimental  errors  for  REE  are  small  and 
this  fact  has  to  be  explained.  Enrichment  in  Se,  Sb,  As  points  to  omnipresent  Fe-Ni-Co  sulfides. 


Figure  1.  Primitive  mantle-normalized  element  abundances  in  diamonds  from  Venezuela 


Figure  2.  Primitive  mantle-normalized  element  abundances  in  diamonds  from  Arkhangelsk  region 

Some  Arkhangelsk  diamonds  contain  micro  inclusions  which  were  not  detected  under  a  microscope. 
Intercorrelation  of  La,  Ce,  Ba,  Rb,  Cs  may  infer  the  presence  of  carbonates;  the  detailed  analyses 
have  yet  to  be  done.  As  shown  by  Shrauder  et  al.  (1996),  fibrous  diamonds  with  carbonate-rich 
fluids  have  higher  concentration  of  trace  elements  in  comparison  with  hydrous  fluids.  Arkhangelsk 
diamonds  have  higher  level  of  impurities.  We  suggest  that  the  fluid  participating  in  formation  of 
Venezuela  diamonds  was  closer  to  hydrous  end-member  than  that  in  Arkhangelsk.  The  more 
oxidized  character  of  fluids  from  Arkhangelsk  region  may  be  supported  by  average  Th/U  ratio, 
which  is  higher  for  Venezuelan  diamonds.  There  are  some  indications  that  Th  is  less  mobile  in 

812 


oxidized  fluid  than  U.  K-enrichment  of  fluid  inclusions  in  diamonds  was  already  reported  (Navon  et 
al.,  1988),  this  fact  reveals  links  of  alkaline  magmas  to  the  medium  of  diamonds’  formation.  K- 
enrichment  could  also  be  explained  as  involvement  of  hydrous  metasomatic  fluid. 

Conclusions 

Our  and  precedent  studies  reveal  a  tight  relationship  of  diamonds’  crystallization  with  fluid, 
enriched  in  incompatible  elements.  The  fluid  could  have  affinity  to  deep-seated  magmas,  such  as 
kimberlites,  lamproites,  carbonatites.  The  fluid  could  be  hydrous  and/or  carbonatitic  and  should 
carry  sulfides.  HPHT  synthesis  of  diamonds  from  carbon-water  system  (Yamaoka  et  al.,  1992)  and 
from  carbonate  melt  (Litvin  et  al.,  1997)  may  be  regarded  as  extreme  cases.  From  morphological 
studies  Sunagawa  et  al.  (1982)  were  able  to  conclude  that  at  least  octahedral  diamonds  grew  from  a 
solution  phase.  The  fluid  (CCL-bearing  in  many  cases)  induces  melting  of  silicates  or  mixes  with 
silicate  melt,  if  it  was  already  present.  The  absence  of  macroscopic  fluid  inclusions  in  diamonds 
could  be  explained  either  by  their  decripitation  during  a  kimberlite  event,  by  presence  of  filmy 
fluids  or  by  complete  miscibility  of  melt-fluid  system.  In  most  cases  the  viscosity  of  diamonds’ 
growth  medium  should  be  low,  otherwise  diamonds  should  frequently  exhibit  plastic  deformation, 
localized  in  internal  parts  only,  or  cellular  structure  of  growth  layers  (melt  growth).  These  features 
are  sometimes  observed  in  birefringence  or  in  X-ray  topographs  but  are  relatively  rare.  The  fluids 
may  originate  from  several  sources:  subducted  slabs,  dehydration  of  silicates,  chemical  reactions  in 
C-H-O-S-N  system. 

References 

Bulanova,  G.P.,  Barashkov,  Yu.P.,  Tafnikova,  S.B.,  and  Smelova,  G.B.,  1993,  Natural  Diamond  - 
Genetic  Aspects.  Nauka,  Novosibirsk,  176  pp. 

Galimov,  E.M.,  1984,  Variations  of  isotopic  composition  of  diamonds  and  their  relation  to 
conditions  of  diamonds  formation:  8,  p.  1091-1 118. 

Fesq,  H.W.,  Bibby,  D.M.,  Erasmus,  C.S.,  Kable,  E.J.D.,  Sellschop,  J.P.F.,  1975,  A  comparative 
trace  element  study  of  diamonds  from  Premier,  Finsch  and  Jagersfontein  mines,  South  Africa:  Phys. 
Chem.  Earth,  9,  p.  817-836. 

Fujii,  S.,  Nishibayashi,  Y.,  Shikata,  S.,  Uedono,  A.,  Tanigawa,  S.„  1995,  Study  of  various  types  of 
diamonds  by  measurements  of  double  crystal  x-ray  diffraction  and  positron  annihilation:  J.  Appl. 
Phys.,  78,  p.  1510-1523. 

Litvin,  Yu. A.,  Chudinovskih,  L.T.,  Zharikov,  V.A.,  1997,  Crystallization  of  diamond  and  graphite 
in  mantle  alkali-carbonate  melts  in  experiment  at  7-1 1  GPa:  Doklady  Acad.  Sci.,  355,  p.  669-672. 
McDonough,  W.F.,  Sun,  S.-s.,  1995,  The  composition  of  the  Earth:  Chem.  Geol.,  120,  p.  223-253. 
Melton,  C.E.,  and  Giardini,  A.A.,  1981,  The  nature  and  significance  of  occluded  fluids  in  three 
Indian  diamonds:  Amer.  Miner.,  66,  p.  746-750. 

Properties  of  Diamond,  1992,  Ed.  Field,  J.E.,  Academic  Press. 

Navon,  O.,  Hutcheon,  I.D.,  Rossman,  G.R.,  Wasserburg,  G.J.,  1994,  Mantle-derived  fluids  in 
diamond  micro-inclusions:  Nature,  335,  p.  784-789. 

Schrauder,  M.,  Koeberl,  C.,  Navon,  O.,  1996,  Trace  element  analyses  of  fluid-bearing  diamonds 
from  Jwaneng,  Botswana:  Geochim.  Cosmochim.  Acta,  61,  p.  471 1-4724. 

Sunagawa,  I.,  Tsukamoto,  K.,  Yasuda,  T.,  1984,  In:  Materials  Science  of  the  Earth’s  Interior,  Ed. 
Sunagawa,  I.,  p.  303-331,  Terrapub. 

Yamaoka,  S.,  Akaishi,  M.,  Kanda,  H.,  Osawa,  T.,  1992,  Crystal  growth  of  diamond  in  the  system  of 
carbon  and  water  under  very  high  pressure  and  temperature:  J.  of  Cryst.  Growth,  125,  p.  375-377. 
Zakharchenko,  O.D.,  Kharkiv,  A.D.,  Botova,  M.M.,  Makhin,  A. I.,  Pavlenko,  T.A.,  1991,  Inclusions 
of  deep-seated  minerals  in  diamonds  from  kimberlite  rocks  of  the  Northern  part  of  East-European 
platform:  Mineral.  Joum.,  13,  p.  42-52.  (in  Russian) 

Zezin,  R.B.,  Ivanovskaya,  I.N.,  Rodin,  N.I.,  Galimov,  E.M.,  1981,  Albstr.  1st  Natnl.  Conf.  Carbon 
Geochem.,  GEOKHI,  p.  228-230.  (in  Russian) 


31  3 
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Eclogite  xenoliths  in  kimberlites  have  been  the  subject  of  numerous  investigations. 
Most  of  the  xenoliths  are  clearly  group  A  eclogites,  as  they  were  originally  classified  by 
Coleman  et  al.  (1965).  Statistic  analysis  for  South  African  and  Yakutian  eclogites  shows 
that  amount  of  Ca-Ts  molecule  decxeases  with  depth  (from  diamond-free  eclogites  to 
diamond  inclusions).  Kyanite  or  corundum  bearing  eclogites  show  consistently  the  feature  of 
excess  A11V  in  clinopyroxene,  which  is  interpreted  as  kyanite  solid  solution  in 
clinopyroxene  (Lappin,  1978)  whereas  in  Si02  oversaturated  eclogites  Escoler  molecule 
(Cao.sAlSEC^)  may  play  an  important  role  (Wood  &  Henderson,  1978).  That  is  why 
application  of  Ca-Ts  barometer  to  these  eclogite  types  is  incorrect.  Meanwhile  the  barometer 
could  be  applied  to  the  main  part  of  eclogite  xenoliths  and  of  African  diamond  inclusions. 

Some  models  have  been  proposed  to  calibrate  garnet-clinopyroxene  barometer 
on  the  base  of  solubility  Ca-Ts  component  in  clinopyroxene  coexisting  with  garnet.  The 
availability  of  mineral  data  for  all  coexisting  phases  in  the  garnet  stability  field  in  CMAS 
system  allows  the  calibration  of  a  barometers  based  on  a  reaction  : 

Ca3Al2Si30i2  +2Mg3Al2Si30,2  =  3CaAl2Si06  +  6MgSi03  . 

Gross  Pyr  CaTs  Cen 

An  accuracy  of  this  barometer  was  tested  on  the  experimental  data  synthesized  in  the 
eclogite  systems  at  temperatures  650-1700°  C  and  pressures  20-100  kbar.  Assuming  normal 
distribution  of  all  errors  implies  total  uncertainty  of  ±  27.5  %. 

These  method  was  used  to  determine  formation  conditions  of  eclogitic  inclusions  in 
diamonds,  diamond-bearing  and  -free  eclogites  from  kimberlite  and  lamproite  pipes  of 
South  Africa,  Yakutiya  and  Australia  .  The  barometer  gives  a  significantly  lower  T  and  P  for 
the  host  eclogite  than  for  the  diamond  (for  the  calculations  data  of  Taylor  et  al  (1996)  were 
used).  These  could  be  the  first  real  data  on  the  differences  in  re-equilibration  between  the 
diamond  inclusions  and  the  rock  xenolith.  The  most  high  P-T  parameters  were  obtained 
from  the  calculations  for  Monastery  and  Argyle  diamond  inclusions. 

There  was  an  attempt  to  reconstruct  eclogite  paleogeotherms  for  Roberts 
Victor  pipe  on  the  basis  of  the  temperature  calculations  only  (Basu  et  al.,  1986).  P-T 
parameters  of  Roberts  Victor  eclogites  were  obtained  by  the  same  calculations,  it  shows  that 
there  are  two  P-T  trends:  the  lower  pressure-temperature  (730-1150°  and  19-53  kbar), 
which  coincided  essentially  with  the  continental  shield  geotherm  and  "inflected"  high 
pressure-temperature  (1  150-1550°  and  53-70  kbar).  These  results  confirm  Basu  et  al. 
(1986)  and  MacGregor  and  Manton  (1986)  suggestion  that  there  are  two  types  of  the  Roberts 
Victor  eclogites,  which  are  derived  from  the  lowest  part  of  the  lithosphere  and  the 
uppermost  portion  ol  the  asthenosphere  beneath  southern  Africa.  Diamond-bearing 
eclogites  is  situated  mainly  on  the  boundary  of  these  limbs  and  correspond  to  convective 
boundary  layer  beneath  the  conductive  lid  of  the  lithospheric  plate. 
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By  the  .calculations  it  follows  that  eclogite  crystallization  in  the  mantle  occurs  at 
several  levels  of  the  depth  from  20  up  to  300  km.  It's  characterized  by  2  main  types  of 
thermodynamic  gradient,  which  reflects  temperature  growth  with  depth.  The  first  one  is 
characterized  by  the  temperature  growth  of  13-19°  per  kbar  (or  5-6°  per  km).  The  second 
one  is  more  character  for  central  parts  of  the  cratons  and  reaches  35-39°  per  kbar  (or  12-13° 
per  km). 
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Pressure-temperature  plot  for  eclogite  xenoliths  from  Roberts  Victor  kimberlite  pipe.  For  the 
estimations  garnet-clinopyroxene  thermometer  of  Ellis  and  Green  (1979)  was  used, 
analyses  for  calculation  were  taken  from  (Bishop  et  ah,  1978;  Hatton  &  Gurney,  1979; 
Lappin  &  Dawson,  1975;  MacGregor  &  Manton,  1986;  O  Hara  et  ah,  1975;  Reid  et  al., 
1976).  (a)  Solid  line  -  diamond-graphite  transition  curve,  dashed  lines  -  low-  and  high- 
temperature  paleogeotherm  limbs  of  the  pipe,  (1)  and  (2)  -  diamond-bearing  and  -free 
xenoliths  correspondingly. 
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The  possible  presence  of  melilite  in  kimberlites  has  intrigued  petrologists  for  some  time,  but  there  are 
some  who  believe  that  it  does  not  exist  in  kimberlites  (Mitchell,  1970  and  1986).  Russian  authors  have 
for  many  years  reported  its  presence  in  Siberian  kimberlites  (eg.  Milashev  ,1963).  This  study  shows 
that  pseudomorphs  after  probable  melilite  are  a  relatively  abundant,  primary  constituent  of  many 
kimberlites  of  both  poorly  micaceous  and  micaceous  types  (Groups  I  &  II).  Previous  problems  with 
recognition  stem  from  the  fact  that  this  mineral  is  almost  ubiquitously  altered,  but  fresh  melilite  has 
been  identified  in  Indian  kimberlites  (eg.  Scott  Smith,  1989).  Melilite  as  a  primary  mineral  in 
kimberlites  can  no  longer  be  ignored,  particularly  now  with  the  relatively  new  discovery  (  ie.  new  to 
the  West)  of  the  Archangelsk  province  of  intermediate  type  kimberlites  in  Russia  (Mahotkin  and 
Skinner,  in  press). 

In  Group  I  kimberlites,  melilite  pseudomorphs  (“melilite”)  tend  to  be  relatively  abundant  in  the 
juvenile  lapilli  of  some  diatreme-facies  kimberlites  (eg  Ebenhaezer  and  Kofifiefontein  kimberlites, 
RSA).  It  is  less  abundant  or  absent  in  related,  hypabyssal-facies  rocks  associated  with  the  same 
occurrence,  but,  in  some  Group  1  hypabyssal-facies  kimberlites,  “melilite”  is  relatively  abundant  (eg. 
in  dykes  in  the  Saaiplaas  Gold  Mine,  RSA).  In  Group  I  kimberlites  with  relatively  abundant  “melilite” 
in  the  juvenile  lapilli  of  diatreme-facies  rocks,  monticellite  tends  to  be  the  dominant  mineral  in  both  the 
lapilli  and  in  the  hypabyssal-facies  rocks  from  the  same  occurrence.  The  same  situation  is  apparent  in 
the  Archangelsk  intermediate  type  kimberlites,  but  in  the  Archangelsk  pipe  itself,  pseudomorphs  after 
possible  kalsilite  have  now  been  identified  within  juvenile  lapilli.  In  this  case,  kalsilite  occurs  alone 
and  monticellite  and  melilite  are  absent.  Intermediate  type  kimberlites,  such  as  the  Pionerskaya  pipe, 
Archangelsk  district,  Russia,  follow  the  same  pattern  as  observed  in  the  Group  1  kimberlites. 

In  Group  II  kimberlites  (eg  Finsch  Mine)  “melilite”  may  be  relatively  abundant  in  both  diatreme-  and 
hypabyssal-facies  rocks  found  in  the  same  pipe  complex.  In  Group  II  kimberlites  with  relatively 
abundant  “melilite”  in  juvenile  lapilli,  phlogopite  is  the  dominant  mineral  in  both  the  diatreme-  and 
hypabyssal-facies  rocks.  Monticellite,  previously  considered  to  be  absent  in  Group  II 
kimberlites, occurs  in  some  hypabyssal-facies  but  not  in  diatreme-facies  rocks. 

Under  hypabyssal-facies  conditions,  melilite  crystallizes  after  olivine  and  early  phlogopite,  just  after  or 
at  the  same  time  as  diopside,  but  before  monticellite.  Under  diatreme-facies  conditions,  melilite 
crystallizes  after  early  phlogopite  but  before  monticellite  and  quenched,  microlitic  dioposide  and 
phlogopite;  suggesting  that  melilite  crystallizes  before  the  quenching  event.  In  Group  II  kimberlites 
“melilite”  crystals  tend  to  be  slightly  coarser-grained  within  diatreme-facies,  juvenile  lapilli 
(<0,35mm.)  than  within  related  hypabyssal-facies  rocks  (<  0.27mm),  suggesting  that  crystallization 
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conditions  are  more  favourable  under  diatreme-facies  conditions.  In  both  hypabyssal-  and  diatrem* 
facies  rocks  most  “melilite”  laths  exhibit  a  slender  habit  but  are  not  acicular,  further  supportiii 
crystallization  prior  to  the  onset  of  quenched  crystallization.  Mineral  associations  and  textures  sugge 
near-surface,  low-pressure  crystallizing  conditions  with  temperatures  in  excess  of  900  degrees  C  in  tl 
case  of  diateme-zones  and  probably  in  excess  of  1000  degrees  C  within  root-zones. 

Experimental  work  by  Yoder  (1975)  indicates  that  melilite  is  an  unlikely  phase  in  kimberlites  unlej 
extensive  degassing  of  the  C02-rich  kimberlitic  fluids  had  occurred.  Presumably  this  is  the  reason  wh 
melilite  occurs  in  the  diatreme-facies  but  not  in  the  hypabyssal-facies  rocks  of  Group  I  kimberlite 
Bulk  compositional  differences  between  hypabyssal-  and  diatreme-facies  kimberlites  are  related  mainl 
to  an  absence  of  calcite  and  an  increase  in  serpentine  and  diopside  in  the  case  of  diatreme-facies  rock 
For  example;  a  Group  I,  calcite-  phlogopite-  monticellite,  macrocrystic  kimberlite  of  the  hypabyssa 
facies  could  change  into  a  phlogopite,  “melilite”,  serpentine,  clinopyroxene,  tuffisitic  kimberlite  of  th 
diatreme-facies,  as  a  consequence  of  degassing  and  explosive  fluidization.  The  situation  is  different  i 
the  more  potassic  Group  II  kimberlites  where  “melilite”  is  relatively  abundant  in  both  facies  types 

The  kalsilite-based  normative  tetrahedron  of  Yoder  (1986)  contains  most  of  the  mineral  component 
found  in  both  hypabyssal  and  diatreme-facies  kimberlites  of  all  types  and  groupings.  Most  Group 
kimbertlites  containing  melilite  plot  in  the  Fo+  Ph+Mo+Ak  sub-tetrahedron  whereas  most  Group  ] 
kimberlites  containing  melilite  plot  in  the  Fo+Ph+Ak+Di  sub-tetrahedron  (re.  Fig  1).  Thes 
assemblages  are  consistent  with  higher  bulk  Si02  contents  in  Group  II  kimberlites  compared  wit 
Group  I  kimberlites  (Skinner,  1989). 
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Fig.  1.  Normative  tetrahedron  for  compositions  in  the  system  Ks-La-Fo-Qz,  modified  to  include  melilite  and  mic; 
(projected  from  H20).  Ak  =  akermanite,  Di  =  Diopside,  En  =  Enstatite,  Fo  =  Forsterite,  Ks  =  Kalsilite,  La=Lamite, 

Lc  =  Leucite,  Mo  =  Monticellite,  Ph  =  Phlogopite,  Qz  =  Quartz,  Sa  =  Sanidine,  and  Wo  =  Wollastonite. 

Copied  from  Yoder,  1986. 
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The  high  volatile  contents  of  kimberlites  and  particularly  the  water-saturated  state  of  diatreme-facies 
types  results  in  the  instability  of  melilite  as  well  as  other  minerals  including  olivine,  monticellite  and 
kalsilite.  Melilite  is  altered  mainly  to  serpentine  but  other  alteration  products  include  chlorite,  diopside 
and  carbonate  and  clay  minerals.  Altered  melilite  is  present  up  to  20  vol.%  and  as  such  may  be  a 
dominant  mineral  in  some  kimberlites  (re.  Table  1).  It  deserves  to  be  included  in  any  classification 
scheme  or  definition  of  kimberlite. 


Table  1  Modal  analyses  of  selected,  melilite-bearing  kimberlites. 


Specimen 

Facies 

Gp 

Oli¬ 

vine 

Phlog. 

Diop. 

Mont. 

Cal- 

cite 

Serp. 

Meli¬ 

lite 

Opaque 

Perov 

Apa¬ 

tite 

Other 

New  Elands  (33) 

H 

n 

37 

36 

6 

4 

4 

12 

1 

Saaiplaas  (7) 

H 

i 

39 

16 

6 

6 

20 

7 

5 

1 

Koffiefontein  (19) 

H 

i 

38 

20 

2 

3 

2 

11 

19 

4 

1 

Finsch  -F3 

H 

n 

52 

33 

8 

2 

4 

1 

tr. 

tr. 

FinschNE  dyke 

H 

n 

55 

25 

6 

7 

1 

2.5 

2.5 

1 

tr. 

Finsch -F4 

H 

n 

43 

31 

8 

2 

4 

11 

1 

Finsch  -F7 

H 

n 

41 

34 

1 

10 

11 

2 

1 

Finsch  -F9 

H 

n 

47 

24 

17 

4 

6 

1 

1 

tr. 

Finsch -FI 

D 

n 

14* 

86* 

Finsch -F8 

D 

n 

20* 

80* 

Glen  Ross  K143 

D 

i 

25* 

75* 

*  Calculated  on  an  olivine-free  basis  in  juvenile  lapilli  only. 
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Geochemical  evolution  of  the  New  England  lamprophyre  suite:  a  hotspot  signature 

preserved  in  the  continental  crust? 

Smith,  S.C.  and  Ihinger,  P.D. 

Department  of  Geology  and  Geophysics,  Yale  University,  New  Haven,  CT,  USA 

Hotspots  provide  a  means  of  investigating  the  physical  and  chemical  evolution  of  the  Earth’s 
interior.  Although  we  have  successfully  addressed  many  of  the  major  questions  concerning  the  deep 
mantle  by  studies  of  ocean  island  basalts,  these  investigations  are  limited  by  both  inaccessibility  to  the 
full  trace  of  magmatism  on  the  ocean  floor  and  the  disappearance  of  the  record  of  this  magmatism  by 
subduction  after  several  hundred  million  years.  Identification  of  uncontaminated  fossil  hotspot  traces 
on  the  continents  may  allow  us  to  study  deep  mantle  samples  that  span  the  convective  history  of  the 
Earth.  Volatile-rich  magmas,  erupted  quickly  through  the  crust,  may  provide  the  best  opportunity  to 
sample  primitive,  uncontaminated  deep  mantle  compositions.  The  lamprophyre  dikes  of  the  New 
England  -  Quebec  igneous  province,  continuous  in  both  time  and  space  with  the  New  England 
Seamounts,  provide  an  ideal  location  in  which  to  investigate  the  possibility  that  mafic  alkaline 
volcanism  represents  the  surface  expression  of  the  passage  of  a  hotspot  beneath  continental  crust. 
Lamprophyres  are  found  on  every  continent  and  have  erupted  at  least  since  the  late  Archean.  Contrary 
to  common  opinion,  they  are  not  rare,  volumetric  ally  insignificant,  or  hopelessly  altered. 

We  have  analyzed  samples  from  over  40  lamprophyre  dike  localities  collected  from  Vermont, 
New  Hampshire  and  southern  Maine.  Whole  rock  major  and  trace  element  analyses  were  performed  on 
the  full  suite  of  these  samples.  SiCE  values  range  from  38  to  55  wt%,  Mg#’s  range  from  67  to  25,  the 
average  Na20/K20  ratio  is  2,  and  the  average  LOI  value  is  4.5  wt%.  Trace  element  spidergrams  match 
closely  those  of  the  New  England  Seamounts  (Taras  and  Hart,  1987),  as  well  as  an  average  OIB 
compilation  by  Sun  and  McDonough  (1989);  LREE  enrichments  are  observed  in  all  samples,  with 
average  La  values  reaching  ~300x  chondritic  (Smith  and  Ihinger,  in  prep.).  Twenty-eight  samples  were 
selected  for  a  detailed  investigation  of  the  concentration  and  stable  isotopic  composition  of  H2O  and 
CO2  in  the  whole  rocks  and  in  mineral  separates  (Smith  and  Ihinger,  1997).  The  concentration  of  CO2 
ranges  from  6.3  to  0.2  wt%,  and  the  carbon  isotopic  composition  from  -4°/00  to  -247 00-  These  data 
define  a  distinct  degassing  trend,  modeled  most  closely  by  open  system  degassing  with  a  Avapor-meit  of 
+2  700.  The  concentration  of  H20  ranges  from  3.8  to  0.6  wt%,  and  the  6D  from  -5l700  to  -1087oo. 
Based  on  these  whole  rock  results  and  careful  petrographic  study,  representative  thin  sections  were 
prepared  from  12  locations  for  microprobe  analyses  of  mafic  silicate  phenocrysts,  including  pyroxenes, 
amphiboles,  and  biotites.  These  measurements  provide  constraints  on  the  generation,  emplacement  and 
evolution  of  the  host  magmas. 

Pyroxenes 

In  the  New  England  lamprophyre  suite,  clinopyroxene  appears  to  be  the  main  fractionating  phase. 
These  pyroxenes  are  dominantly  salite  and  titanaugite,  plotting  almost  on  the  diopside-hedenbergite 
join,  which  is  typical  of  pyroxenes  crystallizing  from  strongly  silica-undersaturated  magmas.  On  a 
regional  scale,  the  range  in  the  composition  of  pyroxenes  throughout  our  sample  suite  is  marked  by 
decreasing  Mg,  Si  and  Cr,  with  a  concomitant  increase  in  Fe,  Ti  and  Al.  The  same  trends  are  reflected 
in  multiple  analyses  of  phenocrysts  from  individual  lamprophyre  dikes,  as  well  as  in  core  to  rim 
variations  within  single  phenocrysts.  Pyroxenes  in  lamprophyres  are  generally  enriched  in  Ti,  in  this 
study  reaching  values  of  5.6  wt%,  with  the  enrichment  being  distinguished  in  thin  section  by  a  pale 
lilac  to  brownish  color.  There  is  an  excellent  correlation  between  octahedral  Ti  and  Al(iv),  suggesting 
Ti  is  entering  these  pyroxenes  to  charge  balance  the  Al(iv),  required  by  the  silica  undersaturated  nature 
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of  these  magmas  (Kushiro,  1960).  This  is  supported  by  the  good  correlation  between  Al(iv)  in  the 
pyroxenes  and  SiC>2  undersaturation  of  the  whole  rocks.  This  compositional  influence  may  be 
enhanced  by  the  effect  of  increasing  incorporation  of  Ti  with  decreasing  pressure  (Thompson,  1974).  A 
substantial  number  of  our  analyses  have  Al(vi)/Al(iv)  indicative  of  higher  pressures  of  crystallization 
(Aoki  and  Kushiro,  1968).  Cr  is  preferentially  partitioned  into  early-crystallizing  pyroxenes;  some  of 
the  large,  early-formed  phenocrysts  have  up  to  1.2  wt%  C^Cb  in  cores.  These  Cr-rich  cores  also  have 
the  highest  Mg#’s  and  the  highest  Al(vi).  Complex  oscillatory  zoning  reflects  abrupt  changes  in  the 
host  melt  environment  during  growth.  Some  crystals  contain  “evolved”  green  cores.  They  are  generally 
enriched  in  Na  and  Fe3+  or  sometimes  in  Fe3+  and  Al.  They  are  often  anhedral,  reflecting  resorption, 
and  sometimes  show  zoning,  also  indicative  of  earlier  changes  in  pressure,  temperature,  and/or  melt 
composition  during  growth  (Bedard,  1988a).  Explanations  for  their  origin  include  derivation  from  a 
high-pressure  differentiation  trend,  from  entrainment  of  external  xenocrysts  or  xenocrysts  crystallized 
from  a  previous  pulse  of  more  evolved  magma,  or  derivation  from  extremely  low  degree  partial  melts 
at  high  pressures.  Consistent  with  their  occurrence  in  other  mafic  alkaline  rocks,  these  green  cores  are 
common  but  not  numerous.  The  vast  majority  of  pyroxene  phenocrysts  in  these  rocks  have  the  more 
magnesian  compositions  described  above.  With  the  dominant  trend  from  core  to  rim  of  decreasing 
Mg  ,  Si  and  Cr,  and  increasing  Ti  and  Al,  fractionation  of  these  pyroxenes  could  reduce  the  Si02 
content  and  Mg#  and  increase  the  alkali  content  of  the  residual  liquids.  We  note  that  concomitant 
crystallization  of  olivine,  oxide  or  kaersutite  would  counteract  the  trend  towards  silica  undersaturation 
produced  by  dominant  clinopyroxene  fractionation. 

Amphiboles 

In  the  New  England  lamprophyre  suite,  the  ranges  in  amphibole  compositions  extend  from 
kaersutite  and  hastingsite  through  to  hastingsitic  and  edenitic  hornblendes.  Two  distinct  trends  are 
evident  in  these  phenocrysts.  Ti-rich  kaersutite  is  the  dominant  amphibole  in  both  trends,  and  is 
generally  distinguished  by  high  Fe3+/Fe2+,  high  F  contents  (up  to  0.8  wt%),  and  low  silica  contents.  As 
in  the  pyroxenes,  the  same  relationship  is  evident  between  Al(iv)  and  Ti,  again  as  a  result  of  the  silica- 
undersaturated  nature  of  the  magmas.  For  dikes  with  higher  whole  rock  Mg#’s  and  lower  Si02 
contents,  textures  in  thin  section  generally  indicate  late  crystallization  of  amphiboles,  with  phenocrysts 
frequently  forming  smaller  equi granular  crystals  distributed  throughout  the  groundmass.  These 
groundmass  amphiboles  show  a  very  restricted  range  in  composition,  showing  small  increases  in  SiC^ 
with  decreasing  Mg#.  In  dikes  with  lower  whole  rock  Mg#,s  and  higher  SiC>2  contents,  the  modal 
percentage  of  pyroxene  decreases,  and  amphibole  becomes  a  more  dominant  phenocryst  phase.  These 
amphiboles  display  pronounced  SiCb  decreases  with  decreasing  Mg#.  The  zoning  in  these  amphiboles 
lacks  the  multiple  reversals  and  sudden  changes  that  are  evident  in  the  zoning  of  the  larger  pyroxene 
phenocrysts.  Extreme  Mg  depletions  and  Fe  enrichments  are  found  on  the  rims  of  a  few  amphibole 
phenocrysts  directly  adjacent  to  heavily  serpentinized  olivine  grains.  These  are  likely  the  result  of 
interaction  with  the  serpentinizing  reaction  between  olivine  and  the  autometasomatic  fluids,  which 
build  up  in  the  late  stages  of  cooling.  Amphibole  compositions  vary  more  markedly  between  separate 
dike  localities,  with  some  being  more  silica-rich,  and  Al  and  Ti  poor,  and  each  lamprophyre  defining 
its  own  restricted  range  in  amphibole  Mg#.  Large  amphibole  phenocrysts,  on  the  order  of  several 
centimeters  in  length,  with  uniform  compositions,  have  been  reported  from  a  variety  of  alkaline 
provinces,  and  are  present  in  a  number  of  the  samples  with  higher  Mg#,s  from  this  study.  They  are 
titanian  pargasites  to  magnesio-hastingsites,  and  differ  from  the  smaller  phenocrysts  in  having  higher 
contents  of  Mg  and  Al  and  lower  contents  of  Ti.  They  have  been  interpreted  as  cognate  due  to  coherent 
Mg#,s  between  megacryst  and  enveloping  whole  rock,  and  are  thought  to  have  crystallized  from  the 
same  magma  source  at  depth  (Bedard,  1988b). 
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Biotites 

Biotites  are  rare  in  comparison  to  amphibole  in  this  lamprophyre  suite.  This  is  likely  a  result  of  the 
predominance  of  Na20  over  K20  in  these  rocks  and  the  shallower  depth  of  generation  compared  to  the 
ultrapotassic  rocks  such  as  lamproites  and  kimberlites.  When  present,  the  biotites  appear  to  be  late 
groundmass  grains,  with  compositions  that  plot  near  the  center  of  the  phlogopite-annite  end-members, 
indicative  of  the  more  Fe-rich  conditions  prevailing  during  the  late  stages  of  crystallization.  Again  they 
show  the  Al(iv)  -  Ti  covariation  typical  of  all  the  ferromagnesian  silicates  in  these  rocks.  They  show 
significant  enrichment  in  F  (up  to  2.0  wt%)  similar  to  the  amphiboles,  and  some  have  high  contents  Ba 
(up  to  3.5  wt%  BaO). 

Knowledge  of  the  compositional  variations  in  the  mafic  silicates  of  the  New  England  lamprophyre 
suite  provides  constraints  on  the  processes  occurring  during  the  passage  of  these  magmas  through  the 
crust.  The  presence  and  composition  of  cognate  megacrysts,  magnesian  phenocryst  cores  with  elevated 
Al(vi)/Al(iv),  and  “evolved”  green  cores  mantled  by  more  magnesian  material,  is  suggestive  of 
fractionation  at  depth,  perhaps  at  the  base  of  the  crust.  Compositions  of  pyroxene  rims  and  hydrous 
phases  point  to  an  episode  of  shallower  residence,  consistent  with  the  numerous  distinct  pulses  of 
magma  seen  in  single  dikes.  This  is  compatible  with  the  existence  of  two  populations  of  dikes 
delineated  by  stable  isotopic  compositions  and  concentrations  of  primary  CO2+H2O.  One  population  is 
defined  by  isotopic  compositions  and  elevated  volatile  contents  suggestive  of  dissolution  at  high 
pressures,  and  precluding  extensive  degassing  at  shallower  levels.  The  other  population  is  marked  by 
isotopic  compositions  and  lower  volatile  contents  that  indicate  substantial  degassing.  The  similarity  of 
absolute  and  relative  trace  element  concentrations  to  those  of  the  New  England  Seamounts  suggests 
limited  interaction  of  the  lamprophyric  magmas  with  the  continental  crust  during  their  passage  to  the 
surface.  Analyses  of  radiogenic  and  oxygen  isotopes  from  some  of  the  more  evolved  syenite  and 
granite  intrusions,  to  which  the  New  England  lamprophyres  are  generally  thought  to  be  genetically 
related,  indicate  little  crustal  contamination  (Foland  et  al.,  1985,  1988).  Future  studies  focusing  on 
radiogenic  and  oxygen  isotopes  in  the  silicates  of  the  mafic  lamprophyres  will  further  constrain  the 
amount  of  crustal  assimilation.  Clearly  these  magmas  have  experienced  a  very  complex  history. 
However,  detailed  investigations  of  variations  in  phenocryst  compositions  will  help  to  unravel 
lamprophyre  evolution,  and  point  to  the  original  character  of  the  primary  magmas  and  their  potential 
relationship  to  hotspots. 

Aoki,  K.,  and  Kushiro,  I.,  1968,  Some  clinopyroxenes  from  ultramafic  inclusions  in  Dreiser  Weiher,  Eifel:  Cont.  Min.  Pet.,  18,  p.  326-337. 
Bedard,  J.H.  et  al.,  1988a,  Petrology  and  pyroxene  chemistry  of  Monteregian  dykes:  the  origin  of  concentric  zoning  and  green  cores  in 
clinopyroxenes  from  alkali  basalts  and  lamprophyres:  Can.  J.  Earth  Sci.,  25,  p.  2041-2058. 

Bedard,  J.H.,  1988b,  Comparative  amphibole  chemistry  of  the  Monteregian  and  White  Mountain  alkaline  suites,  and  the  origin  of 
amphibole  megacrysts  in  alkali  basalts  and  lamprophyres:  Min.  Mag.,  52,  p.  91-103. 

Foland,  K.A.  et  al.,  1985,  Petrogenesis  of  the  magmatic  complex  at  Mount  Ascutney,  Vermont,  USA:  I.  Assimilation  of  crust  by  mafic 
magmas  based  on  Sr  and  O  isotopic  and  major  element  relationships:  Contrib.  Mineral.  Petrol.,  90,  p.  331-345. 

Foland,  K.A.  et  al.,  1988,  Nd  and  Sr  isotopic  signatures  of  Mesozoic  plutons  in  northeastern  North  America:  Geology,  16,  p.  684-687. 
Kushiro,  I.,  1960,  Si-Al  relation  in  clinopyroxenes  from  igneous  rocks:  Am.  J.  Sci.,  258,  p.  548-554. 

Smith,  S.C.  and  Ihinger,  P.D.,  1997,  Volatile  evolution  in  mafic  alkaline  rocks:  A  stable  isotopic  study  of  the  New  England  Lamprophyre 
suite:  EOS  Trans.  AGU,  78(46),  Fall  Meeting  Suppl.,  p.  F813. 

Smith,  S.C.  and  Ihinger,  P.D.,  1998,  Geochemical  evolution  of  the  New  England  lamprophyre  suite:  a  hotspot  signature  preserved  in  the 
continental  crust?,  in  prep. 

Sun,  S.  -s.  and  McDonough,  W.F.,  1989,  Chemical  and  isotopic  systematics  of  oceanic  basalts:  implications  for  mantle  composition  and 
processes,  From  Saunders,  A.D.  and  Norry,  M.J.(eds.),  1989,  Magmatism  in  the  Ocean  Basins,  Geol.  Soc.  Spec.  Pub.  No.  42,  p.  313-345. 
Taras,  B.D.  and  Hart,  S.R.,  1987,  Geochemical  evolution  of  the  New  England  seamount  chain;  isotopic  and  trace  element  constraints: 
Chem.  Geol.,  64,  p.  35-54. 

Thompson,  R.H.,  1974,  Some  high-pressure  pyroxenes:  Min.  Mag.,  39,  p.  768-787. 


822 


THE  ORIGIN  OF  ULTRAMAFIC  (GROUP  A)  ECLOGUES:  Nd  &  Sr 
ISOTOPIC  EVIDENCE  FROM  THE  OBNAZHENNAYA  KIMBERLITE, 

YAKUTIA 

Snyder,  G.A. Keller,  R.A.',  Taylor,  L.A.',  Remley,  D.',  Halliday,  A.N.  2&  Sobolev,  N.3 

1.  Planetary  Geosciences  Institute,  Univ.  of  Tennessee,  Knoxville,  TN  37996  USA;  gasnyder@utk.edu 

2.  Department  of  Geological  Sciences,  University  of  Michigan,  Ann  Arbor,  Ml  48109 

3.  Institute  of  Mineralogy  &  Petrog.,  Siberian  Branch,  Russian  Academy  of  Sciences,  Novosibirsk,  Russia 

Introduction 

Although  many  eclogite  xenoliths  are  thought  to  be  fragments  of  subducted  oceanic  crust  (e.g., 
Ireland  et  al.,  1994),  there  has  always  been  a  group  of  eclogites,  with  demonstrably  higher  Cr  values, 
and  elevated  Mg#s,  which  exhibit  little,  if  any,  evidence  of  oceanic  crustal  affinity.  These  eclogites, 
the  so-called  Group  A  eclogites  (a  la  Coleman  et  al.,  1965),  have  always  remained  an  enigma  in 
eclogite  petrogenesis.  Some  workers  have  concluded  that  these  xenoliths,  indeed,  are  samples  direct 
from  and  formed  in  the  mantle  (e.g.,  MacGregor  &  Manton,  1986;  Smyth  &  Caporuscio,  1989; 
Taylor  &  Neal,  1989).  Others  have  speculated  that  these  samples  may  also  be  of  oceanic  affinity  and 
are  remnants  of  deeper,  ultramafic,  oceanic  crust,  akin  to  the  harzburgitic  to  gabbroic  sections  of 
ophiolites  which  also  contain  pods  of  chromite  (see  Snyder  et  al.,  1997,  for  a  discussion).  This 
radiogenic  isotopic  study  of  Group  A  eclogite  xenoliths  from  the  Obnazhennaya  kimberlite, 
Yakutia,  combined  with  data  from  Group  A  eclogites  worldwide,  is  an  attempt  to  solve  the 
problem  of  these  enigmatic  eclogites. 

The  Obnazhennaya  kimberlite  pipe  is  located  within  the  lower  Olenek  province,  which 
occupies  the  extreme  northeastern  portion  of  the  Siberian  platform.  This  province  is  one  of 
seven  recognized  that  compose  the  Siberian  platform  (Rosen  et  al,  1994).  The  Obnazhennaya 
kimberlite  intruded  late  Proterozoic  (Sinian)  dolomites  during  the  late  Mesozoic  (Cretaceous). 
Evidence  for  this  comes  from  the  occurrence  of  a  beleminite  in  the  kimberlite  near  the  contact 
between  the  pipe  and  wall  rock.  It  has  been  further  corroborated  by  isotopic  dating  of 
groundmass  phlogopite  and  zircons  from  the  pipe  and  nearby  alluvial  deposits  (Sobolev,  1977). 
Petrography  &  Mineral  Chemistry 

The  so-called  Group  A  eclogites  from  Obnazhennaya  contain  a  substantial  amount  of 
orthopyroxene,  from  1.5  to  12.5  modal%  (Qi  et  al.,  1994).  The  two  samples  analyzed  in  this 
study,  0-81  and  0-84,  have  the  greatest  abundance  of  orthopyroxene,  11.8  and  12.5  modal%, 
respectively.  Thus,  these  samples  are  not  eclogites,  sensu  strictu,  but  garnet  websterites. 
Mineral  separates  in  0-81  are  complexly  exsolved  with  garnet  in  clinopyroxene  and  rutile  in 
garnet.  An  in-depth  study  of  the  petrography  and  mineral  chemistry  of  these  xenoliths  is  found 
in  Qi  et  al.  (1994,  1997)  and  Keller  et  al.  (1998,  this  volume). 

Nd  &  Sr  Isotopic  Compositions  of  Minerals  &  Sm-Nd  Ages 

The  Nd  and  Sr  isotopic  compositions  of  mineral  separates  in  0-8 1  offer  a  confounding  set 
of  data.  We  analyzed  two  clinopyroxene  separates  in  this  sample,  one  with  a  small  proportion  of 
exsolved  garnet  (“cpx”)  and  one  with  a  greater  proportion  of  exsolved  garnet  (“ex/cpx”).  The 
“ex/cpx”  separate  (87Sr/86Sr=0. 703399+1 8)  does  not  have  a  more  elevated  87Sr/86Sr  than  “cpx” 
(=0.703447+23),  as  might  be  expected  from  the  relatively  radiogenic  nature  of  the  garnet 
separate  (=0.703684+20).  Although  “ex/cpx”  has  slightly  lower  Sm  and  Nd  abundances  than 
“cpx”,  the  147Sm/144Nd  ratios  of  the  two  separates  are  virtually  indistinguishable.  This  is 
unexpected,  because  of  the  elevated  143Nd/144Nd  (0.517222+13)  of  the  garnet  separate.  The 
143Nd/144Nd  of  these  two  clinopyroxene  separates  are  similar,  with  0-81  cpx  having  a  ratio  of 
0.512775+1 1  and  0-81  ex/cpx  having  a  ratio  of  0.512647+12..  The  data  from  mineral  separates 
in  0-84  are  equally  complex.  Q  9  7 


Internal,  gamet-clinopyroxene,  Sm-Nd  isochrons  yield  ages  of  1070+5  Ma  (initial  eNd  = 
+3.9)  for  0-81  and  1237+3  Ma  (eNd  =  -12.4)  for  0-84.  However,  we  have  also  analyzed 
orthopyroxene  and  serpentine  (=olivine?)  from  sample  0-84.  A  four-mineral  isochron  for  this 
sample  defines  a  similar  age  (1199+225  Ma),  but  with  a  higher  initial  eNd  (=  -8.5).  Samples 
enriched  to  the  degree  of  0-84  are  uncommon,  but  have  been  recognized  in  diamond-bearing 
pipes  (Mir  and  Udachnaya)  from  Yakutia.  These  two  samples  alone  suggest  a  major  mid-  to 
late-Proterozoic  eclogite  formation  event  in  the  lower  Olenek  province  that  included  both 
depleted  and  enriched  mantle. 

The  Character  of  Group  A  Eclogites  Worldwide 

We  have  combined  our  new  mineral-chemical  and  radiogenic  isotopic  data  on  Group  A 
eclogites  from  Obnazhennaya  with  a  compilation  of  data  on  Group  A  eclogites  worldwide. 
Several  features  are  noteable  about  these  xenoliths. 

Petrography  &  Mineral  Chemistry  —  Group  A  eclogites  often  contain  accessory 
orthopyroxene,  either  as  distinct  grains  (thus,  the  use  of  the  term  garnet  websterite)  or  as 
exsolution  lamellae,  and/or  serpentine  alteration  (suggesting  the  presence  of  olivine  at  some 
time),  as  noted  for  those  samples  from  Obnazhennaya,  Siberia  (Qi  et  al.,  1994),  Bellsbank 
(Shervais  et  al.,  1988;  Taylor  &  Neal,  1989;  Jerde  et  al.,  1993)  and  Kaalvallei  (Viljoen,  1994)  in 
South  Africa,  and  Orapa,  Botswana  (Shee  and  Gurney,  1979).  Compared  to  omphacitic 
pyroxenes  in  Groups  B  and  C  eclogites,  which  have  Na^  from  2.6  to  9.1  wt%,  Group  A 
clinopyroxenes  are  notably  depleted  in  Na^  (<  2.7  wt%).  Clinopyroxenes  in  Group  A  eclogites 
also  have  Mg#s  (>86)  which  are  at  the  high  end  of  Groups  B  and  C,  and  higher  CaO,  in  keeping 
with  lower  NajO. 

Oxygen  Isotopes  —  Group  A  eclogites  worldwide  do  not  exceed  the  mantle  values  for  oxygen 
isotopes  (5180=5.7+0.5%o),  although  their  values  can  fall  below  the  mantle  range,  i.e.  down  to 
3.7%0  (only  in  South  Africa;  Viljoen,  1994).  However,  among  eclogite  suites  from  the  same 
pipe,  Group  A  eclogites  do  not  define  the  lowest  values.  Group  A  eclogites  from  Siberia  are 
always  within  the  mantle  range  (Qi  et  al.,  1994;  Snyder  et  al,  1995). 

Radiogenic  Isotopes  —  Whereas  Groups  B/C  eclogites  exhibit  broad  ranges  in  present-day 
isotopic  composition  (87Sr/86Sr 
=  0.7015  to  0.7215;  eNd  -  0  to 
+235),  Group  A  eclogites  occur 
over  a  more  restricted  range  that 
is  on  average  less  radiogenic 
(87Sr/86Sr  =  0.7029  to  0.7062,  £ 

eNd  =  -19  to  +8.3)  (MacGregor  g 
&  Manton,  1986;  Shervais  et  al.,  ^ 

1988;  Neal  et  al.,  1990;  Viljoen,  ^ 

1994;  Snyder  et  al.,  1997).  50 

Thus,  although  Group  A 
eclogites  are  generally  less 
radiogenic,  Group  B/C  eclogites 
have  the  lowest  87Sr/86Sr  within 
a 

given  pipe,  (i.e.,  at  Udachnaya 
the  lowest  87Sr/86Sr  values  are 
0.7015  and  0.7017  from  two  Group  B/C  eclogites).  This  may  in  part  be  a  consequence  of  the 
lower  Rb/Sr  in  Group  B/C  eclogites  and  the  antiquity  of  the  samples.  If  a  melting  event 
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eclogite  formation  (Ireland  e't  al,  1994),  say  during  subduction  in  the  Archean,  Group  B/C 
eclogites  may  have  been  partially  melted,  whereas  Group  A  eclogites  were  not  melted  (or  to  a 
lesser  degree).  Thus,  Group  B/C  eclogites  would  have  lost  Rb  relative  to  Sr,  lowering  the 
Rb/Sr  and  effectively  arresting  the  87Sr/86Sr  near  the  initial  value  (Fig.  1).  This  may  also  explain 
why  Group  A  eclogites  tend  to  have  lower  Sm/Nd  ratios  (e.g.,  Viljoen,  1994,  Snyder  et  al., 
1997)  than  Group  B/C  eclogites,  which  are  residues  of  partial  melting  (Fig.  2). 
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Introduction 

There  is  a  consensus  building  that  most  "mantle"  eclogite  xenoliths  are  fragments  of  subducted 
oceanic  crust  which  may  have  lost  a  partial  melt  during  high-pressure  fusion  (e.g.,  MacGregor  and 
Manton,  1986;  Shervais  et  al.,  1988,  Jacob  et  al.,  1994;  Ireland  et  al.,  1994).  The  old  ages  suggested 
from  radiogenic  isotopic  studies  of  these  xenoliths  (e.g.,  Pearson  et  al.,  1995)  also  make  them  some 
of  our  best  evidence  of  subduction  operating  during  the  Archean. 

Our  previous  isotopic  work  on  Yakutian  eclogites,  specifically  from  the  Udachnaya  kimberlite, 
showed  a  dearth  of  typical  crustal  signatures  (e.g.,  Snyder  et  al.,  1997).  Our  observations  have  not 
been  fully  accepted  by  some  and  have  engendered  some  debate  (Jacob  et  al.,  1998;  Snyder  et  al., 
1998).  Ireland  et  al.  (1994)  even  questioned  the  use  of  trace-element  and  radiogenic  isotopic  studies 
in  eclogites  as  a  tool  for  gaining  information  about  their  genesis.  However,  oxygen  isotopic  studies 
of  eclogites  from  the  Mir  kimberlite  showed  signficant  correlations  with  mineral  chemistry  (including 
trace-elements)  and  led  to  their  interpretation  as  samples  from  a  dismembered  proto-ophiolite  (Beard 
et  al.,  1996).  Thus,  a  thorough  radiogenic  isotopic  study  of  the  Mir  eclogites,  in  conjunction  with 
previous  isotopic  studies,  may  allow  us  to  understand  the  effect  of  subduction,  metamorphism,  and 
metasomatism  on  radiogenic  isotopes  and  assess  their  usefulness  in  the  study  and  interpretation  of 
eclogite  petrogenesis. 

Isotopic  Variations  and  Correlations  with  Mineral  Chemistry 

We  have  compiled  all  oxygen  and 
CaO  data  on  Yakutian  eclogitic 
garnets  in  Figure  1  (dashed  line 
connects  the  well-characterized  Mir 
eclogites).  These  data  show  a 
distinct  trend  with  decreasing  CaO 
abundance  in  the  garnet  (Beard  et 
al.,  1996).  This  trend  begins  with  a 
cluster  of  values  at  the  highest  CaO 
and  among  the  lowest  5180  values  of 
any  of  the  Yakutian  eclogites  (Fig.  1: 
squares  =  Mir,  stars  and  diamonds  = 

Udachnaya).  From  just  below  this 
cluster  (at  approximately  9  wt%  CaO 
in  garnet,  the  curve  of  data  loops 
back  to  lower  5180  values  with 
decreasing  CaO.  At  samples  M-60, 

M-180  and  U-281  (approximately  5- 
6  wt%  CaO),  the  curve  of  data  projects  to  progressively  higher  5180  values,  until,  at  6.3%o,  the 
values  appear  to  scatter  again  to  higher  CaO  with  increasing  5180.  Those  samples  that  deviate 
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from  this  array  at  higher  5180,  have  elevated  87Sr/86Sr  and  eNd  values,  that  are  similar  to  upper 
continental  crust  or  kimberlite  at  362  Ma.  Thus,  the  isotopic  variations  in  these  samples  may  be 
due  to  either  contamination  by  kimberlite  or  continental  crustal  input  into  the  oceanic  protolith. 
Due  to  the  low  Rb/Sr  ratios  of  these  (reconstructed)  eclogites,  the  measured  87Sr/86Sr  values  are 
presumed  to  be  near  those  of  the  original  protolith,  even  though  the  protolith  may  be  in  excess 
of  2  Ga  old.  Therefore,  a  plot  of  87Sr/86Sr  versus  S180  (Fig.  2)  is  likely  to  be  diagnostic  of 
igneous  processes  in  the  protolith.  The  combined  data  for  Yakutian  eclogites  show  two  distinct 

groups  (e.g.,  Fig.  2).  These 
two  groups  suggest  that 
either  a)  many  of  the  high 
S180,  high  87Sr/86Sr  eclogites 
have  been  affected  by 
kimberlitic  metasomatism 
(also,  see  above),  or  b)  if  a 
subducted  crustal  origin  is 
assumed,  two  separate 
petrogenetic  pathways  must 
be  envisioned  for  the 
evolution  of  those  rocks. 
One  pathway,  which  includes 
the  low-Ca  Mir  eclogites, 
follows  a  well-defined  trend 
of  increasing  5180  (+4.7  to 
+7.4%o)  with  slightly 
increasing  Sm/Nd,  s^d,  (+1-6 

to  +3.0  @  362  Ma),  and  87Sr/87Sr  (Fig.  2).  A  second  dominant  trend  includes  the  high-Ca  Mir 
eclogites.  This  trend  is  more  diffuse,  exhibits  large  increases  in  Sm/Nd  and  sNd  (+4.7  to  +17), 
and  exhibits  a  complex  array  of  decreasing  Ca  (dashed  line  in  Fig.  2)  and  increasing  5180. 
Furthermore,  5180  in  this  trend  does  not  exceed  6.2%o.  These  two  trends  likely  represent  two 
distinct  environments  of  formation  for  Yakutian  eclogites:  a  shallow  oceanic  crustal 
environment  with  higher  5180  values,  exhibiting  a  significant  continental,  terrigenous  sediment 
input  (as  evidenced  by  large  variations  in  87Sr/86Sr  and  lower  values),  and  a  deeper  oceanic 
crustal  environment  with  lower  5180  and  shielded  from  continental  crustal  sediment  input. 

In  contrast  to  previous  studies  on  southern  African  and  Yakutian  eclogites,  none  of  the  Mir 
eclogites  indicate  an  ultra-depleted  mantle  reservoir  (e.g.,  eNd  values  up  to  +250). 

Discussion 

Although  the  age  of  the  Mir  kimberlite  is  fairly  well-known  (361.5  Ma;  Davis  et  al.,  1980),  the 
age  of  the  sources  or  protoliths  for  the  eclogites  are  not  definitive.  The  low  87Sr/86Sr  ratios  of 
most  of  the  eclogites  suggest  an  old,  middle  to  early  Precambrian  source,  possibly  coeval  with 
the  Udachnaya  eclogites  (2.9  Ga,  Pearson  et  al.,  1995).  However,  the  Nd  isotopic  evolution 
diagram  (Fig.  3 :  CHUR  =  chondritic  uniform  reservoir  or  Bulk  Earth,  DM  -  depleted  mantle) 
for  these  eclogites  is  quite  different  than  that  for  the  Udachnaya  eclogites.  Whereas  Nd  isotopic 
evolutionary  lines  for  the  Udachnaya  eclogites  did  not  begin  to  converge  at  unique  sources  until 
>  2  Ga,  the  Mir  eclogites  seem  to  converge  prior  to  this  time.  All  but  one  Mir  eclogite  (M-54) 
intersect  CHUR  and  depleted  mantle  reservoirs  prior  to  2.0  Ga.  Three  of  the  eclogites  (M-53, 
M-69,  and  M-70)  converge  (box  B  in  Fig.  3)  at  1.1  Ga  near  chondritic  mantle  (CHUR)  and 
three  others  (M-60,  M-84,  and  M-180)  converge  (box  A  in  Fig.  3)  at  1.2  Ga  near  depleted 
mantle.  Although  these  converge!  <*.es  could  be  fortuitous,  and  there  are  signficant  errors 
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involved  in  the  whole-rock  reconstructions, 
composition  of  these  six 
eclogites  were  derived  from 
depleted  mantle  and/or 
undepleted  mantle  reservoirs 
after  at  most  2. 0  Ga  ago.  This 
is  an  interesting  observation  as 
the  Mir  kimberlite  is  closer  to 
the  edge  of  the  Siberian  craton 
and,  thereoritically,  could  have 
tapped  an  oceanic  crustal 
source  at  depth  that  was 
subducted  and  added  to  the 
sub-cratonic  lithosphere  at  a 
later  time  than  that  for 
eclogites  from  the  more 
centrally  located  Udachnaya 
kimberlite. 


they  would  seem  to  suggest  that  the  isotopic 
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4.  56  Hartford  Trail,  Brampton,  Ontario,  Canada  L6W4J8 

An  alluvial  diamond  deposit  and  a  number  of  sills  of  kimberlitic  rocks  of  Upper  Proterozoic  age  (710 
Ma)  supplying  diamonds  to  local  alluvials  are  known  at  Guaniamo,  Guyana  shield,  Venezuela 
(Channer,  Cooper,  1997).  The  detailed  study  of  diamonds  containing  mineral  inclusions  was 
performed  using  a  representative  collection  available  from  current  alluvial  mining  operations, 
consisting  of  approximately  3  000  crystals,  mostly  of  industrial  quality  in  the  1-2  mm  size  fraction.  A 
further  51  diamond  with  inclusions  were  selected  from  available  crystals  recovered  from  several 
kimberlite  sills:  area  024  (34  crystals),  La  Ceniza  (12  crystals)  and  El  Candado  (5  crystals). 
Inclusions  are  classified  into  ultramafic  or  peridotitic  (U-type)  and  eclogitic  (E-type)  suites  following 
published  recommendations  (Sobolev,  1977;  Meyer,  1987;  Gurney,  1989).  The  available  information 
on  Venezuelan  diamonds  and  their  inclusions  is  limited  to  descriptions  of  a  few  rare  U-type  only 
including  the  presence  of  pyrope,  enstatite,  spinel  and  olivine  inclusions  (Meyer,  McCallum,  1993; 
Nixon  et  al.,  1994).  Recently  the  presence  of  E-type  diamonds  within  this  area  was  briefly  noted 
(Maltsev  et  al.,  1996).  During  examination  of  an  available  collection  a  surprising  number  of  pale 
grass-green  pyroxenes  and  yellow-orange  garnets  all  of  eclogitic  (E-type)  were  noted.  In  total,  about 
400  diamonds  with  transparent  inclusions  were  recognized.  Often  these  coexisted  with  sulfides  or 
other  opaque  phases. 

In  half  the  samples,  inclusion  bearing  diamonds  are  represented  by  an  equal  proportion  of  octahedral 
and  dodecahedral  crystal  forms.  A  further  30%  are  transitional  between  these  forms.  Fragments, 
macles  and  crystal  aggregates  represent  the  remaining  20%  of  the  selection.  About  half  of  the 
crystals  are  colourless,  another  half  are  represented  almost  equally  by  diamonds  having  different  hues 
of  green  and  brown.  Green  pigmentation  spots  are  a  common  feature  of  Guaniamo  diamonds.  The 
diamonds  are  not  markedly  different  in  form  and  colour  from  the  average  production  of  the  region 
(Coenraads  et  al.,  1994).  Microdiamonds  (<  1  mm)  do  not  show  any  morphological  differences  from 
macrodiamonds. 

Mineral  inclusions  were  liberated  from  124  alluvial  diamonds  and  51  diamond  crystals  from 
kimberlites  and  analysed  using  standard  techniques  with  a  CAMEB AX- micro  microprobe.  All 
mineral  phases  are  listed  in  the  Table.  The  absolute  majority  of  studied  diamonds  (90%)  contains 
inclusions  of  E-type  garnets  or/and  clinopyroxenes.  More  than  half  of  diamond  crystals  from  studied 
collection  contain  more  than  one  (up  to  four)  included  mineral  phases  (see  Table). 

The  major  proportion  of  mineral  inclusions  analyzed  was  represented  by  garnets  and  omphacitic 
clinopyroxenes  (Table).  All  studied  garnets  contain  Fe,  Mg  and  Ca  in  varying  proportions  and 
generally  correspond  very  well  to  the  typical  range  of  compositions  of  E-type  garnets  from  diamonds 
of  worldwide  localities.  Grossular  contents  vary  from  10.2  to  43.9mol.%.  Variable  proportions  of 
impurities,  most  notably  Ti02  (0.16-0.84  wt.%)  and  Na20  (0.04  -  0.35wt.%),  are  also  typical.  The 
principal  variation  in  clinopyroxene  compositions  is  represented  by  a  broad  range  of  jadeite  content, 
from  20  up  to  60%.  Significant  K  content  (up  to  1.4  wt.%)  was  also  found  for  these  omphacites.  A 
number  of  other  minerals  were  identified  during  electron  probe  microanalysis.  They  include 
phlogopite,  potassic  feldspar,  corundum,  coesite  (quartz),  magnetite,  ilmenite,  rutile,  and  chromite 
(see  Table).  Phlogopite  with  high  Ti02  (10.6  wt.%)  was  found  as  an  intergrowth  with  an  omphacite 
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grain.  Potassic  feldspar  inclusions,  most  probably  sanidine,  were  identified  from  four  diamonds 
(Table).  Corundum  was  documented  with  garnet  and  omphacite  in  a  single  diamond  which 
represents  the  first  reported  occurrence  of  corundum-bearing  polymineralic  inclusion  assemblage. 
Coesite  was  identified  in  17  diamonds  and  confirmed  by  Raman  spectroscopy.  Quartz  (10  samples) 
occurs  in  diamonds  with  no  visible  fractures  to  the  surface  and  most  probably  represents 
polymorphic  transformation  from  primary  coesite.  Magnetite  it  was  observed  in  two  samples  with 
crystal  faces  in  parallelism  with  faces  of  the  host  diamond.  These  are  features  of  negative  crystals  and 
confirm  the  syngenetic  nature  of  the  inclusions.  Previously,  magnetite  inclusions  were  classified  as 
uncertain  (Meyer,  1987).  Ilmenite  inclusions  were  detected  in  three  diamonds  (see  Table).  Their 
compositions  are  rather  similar  to  that  of  ilmenites  studied  from  three  Brazilian  diamonds  from  an 
unknown  alluvial  source  (Meyer,  1987).  Sulfides  were  liberated  from  ten  diamonds.  They  are 
pyrrhotites  showing  only  traces  of  Ni,  significantly  less  than  1  wt.%,  similar  to  described  sulfides 
from  E-type  diamonds  (Yefimova  et  al.,  1983). 

The  local  character  of  inclusion-bearing  diamonds  from  Guaniamo  alluvials  was  confirmed  by  a 
comparison  with  inclusions  from  kimberlitic  diamonds  recovered  from  three  sills.  50  diamonds  of 
these  sills  (i.e.  98%)  contain  E-type  inclusions  with  dominating  presence  of  omphacites  and 
subordinate  garnets.  Such  a  proportion  is  similar  to  inclusion  proportion  from  local  alluvial 
diamonds.  High  role  of  silica-rich  eclogite  assemblages  containing  coesite  and  retrograde  quartz  is 
also  typical  of  kimberlitic  diamonds.  Both  variations  in  compositions  of  garnets  and  omphacites 
including  such  an  unusual  feature  as  a  stable  K20  impurity  in  pyroxenes  are  similar  in  two  compared 
suites  of  inclusions. 

We  conclude  (see  Table)  that  E-type  diamonds  represent  no  less  than  99.4  per  cent  of  all  studied 
representative  collection  and  this  is  the  highest  percentage  of  such  diamonds  for  the  known  worlwide 
localities  indicating  the  uniqueness  of  the  eclogitic  source  of  Guaniamo  diamonds.  The  wide 
variability  in  eclogitic  environment  in  which  diamonds  have  been  formed  under  the  Guyana  shield  is 
well  mirrored  by  the  presence  of  corundum  and  coesite  and  also  in  the  extensive  range  of  Ca,  Fe  and 
Mg  abundance  in  garnet  and  Na  contents  in  clinopyroxenes.  This  indicates  a  broadly  basaltic 
chemistry  of  this  environment  which  probably  consists  of  ancient  subducted  oceanic  crust.This  is 
confirmed  by  the  anomalous  negative  values  of  carbon  isotope  composition  for  a  number  of  samples. 
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Table  .  Parageneses  of  inclusions  from  studied  diamonds 


Included  minerals 

Number  of  diamonds  including  those  containing 

additionally  sulfide  inclusions  (in  brackets) 

Ga 

16  (4) 

Cpx 

36  (7) 

Cs/Q 

4  (3) 

Snd 

2 

Ga,  Cpx 

25  (13) 

Ga,  Cs 

6  (2) 

Ga,  Ru 

1 

Ga,  Mt 

3  (2) 

Cpx,  Cs/Q 

8  (2) 

Cpx,  Ru 

2  (1) 

Cpx,  Mt 

2  (1) 

Cpx,  Phi 

1 

Ilm,  Mt 

2  (1) 

Ru,  Mt 

1 

Ga,  Cpx,  Cs 

3  (1) 

Ga,  Cpx,  Cor 

1 

Ga,  Cpx,  Ru 

2  (1) 

Ga,  Cpx,  Snd 

1  0) 

Ga,  Q,  Snd 

1  (1) 

Cpx,  Cs,  Ru 

1  (1) 

Cpx,  Q,  Mt 

1  (1) 

Ru,  Ilm,  Q 

1  (1) 

Ga,  Cpx,  Q,  Mt 

1  (1) 

Ga,  Ru,  Q,  Mt 

1  (1) 

E-type 

122  (45) 

Chr 

2 

U-type 

2 

Total 

124 

Visual  examination: 

E-type 

205 

U-type 

0 

Total 

329 

E/E+U  (%) 

99,4 

Note:  Ga,  garnet;  Cpx,  clinopyroxene;  Cs,  coesite;  Q,  quartz;  Snd,  sanidine;  Ru,  rutile;  Mt, 
magnetite;  Phi,  phlogopite;  Cor,  corundum;  Ilm,  ilmenite;  Chr,  chromite;  01,  olivine. 
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By  convention  the  northeastern  part  of  the  Yakutian  Diamondiferous  Province  is  a  territory  situated 
north  to  the  Arctic  Circle.  Only  one  highly  diamondiferous  kimberlite  field  is  known  from  there  -  the 
Muna  field.  The  rest  kimberlite  fields,  amounting  more  than  15,  on  this  territory  contain  little  or  no 
diamonds  Nevertheless,  for  a  long  time  diamonds  have  been  sampled  and  explored  from  recent 
alluvial  deposits  and  some  gravelites  and  conglomerates  of  both  Mesozoic  and  Paleozoic  ages 
throughout  the  territory.  Among  these  sources  the  Ebelyakh  placer  deposit  is  worthy  of  note. 

Results  of  comparative  analysis  of  the  occurrence  of  the  diamonds  containing  inclusions  of  ultramafic 
(U)  and  eclogitic  (E)  types  of  paragenesis  (Sobolev,  1974)  were  first  generalized  for  more  than  6000 
diamonds  with  inclusions  (Yefimova,  Sobolev,  1977)  from  kimberlite  mines  (Mir,  Udachnaya, 
Aikhal,  and  Sytykanskaya)  and  alluvials  (Anabar  and  Lena  regions).  An  important  peculiarity  was 
revealed:  the  E-type  orange  garnets  from  the  alluvial  diamonds  dominate  about  by  two  orders  of 
magnitude  over  those  from  the  pipe  diamonds.  The  alluvial  diamonds  are  also  shown  to  contain  a 
great  number  of  olivine  inclusions,  with  all  colorless  inclusions  visually  identified  as  olivine. 

We  present  here  the  results  of  examination  of  inclusion  compositions  from  a  representative  collection 
covering  the  whole  territory  divided  not  into  two,  as  earlier,  but  into  four  regions:  Anabar,  Lena, 
Lower-Olenek,  and  Muna-Tyung.  About  300  diamonds  were  selected  for  detailed  examination.  First 
of  all,  these  were  diamonds  containing  either  garnet  inclusions  or  two  and  more  mineral  phases. 

The  inclusion-containing  diamonds  are  mainly  rounded  dodecahedral  crystals,  though  octahedra, 
transitional-form  crystals,  intergrowths,  and  various  twins  are  present  among  them.  Cuboids  total  to 
less  than  1%.  The  crystals  studied  are  mainly  2-4  mm  in  size.  The  inclusions  extracted  are,  as  a  rule, 
negative  diamond  crystals,  distorted  to  a  various  degree. 

Garnet  inclusions  were  liberated  and  analysed  from  about  130  diamonds.  More  then  20  of  them  are 
pyropes  with  variable  Cr2C>3  (3.4-14.6  wt.%)  and  CaO  (0.85-5.74  wt.%)  contents.  E-type  garnets  of 
variable  composition  are  typical  of  studied  collection  (see  Figure).  Some  of  them  coexist  with 
coesite,  sometimes  showing  heterogeneities  in  the  composition  between  several  grains  in  a  single 
diamond  (Sobolev  et  al.,  1976).  Two  garnets  coexist  with  kyanite.  In  general  almost  all  possible 
varieties  of  E-type  parageneses  demonstrating  also  the  presence  of  Na20  in  garnets  were  detected 
(Sobolev,  1983).  Some  rare  E-type  minerals  such  as  kyanite,  coesite  (and  retrograde  quartz), 
sanidine  were  found  in  studied  diamonds.  Mg-wiistite  is  among  the  most  unusual  inclusions  and 
was  found  in  two  alluvial  diamonds.  Most  of  these  eclogitic  diamonds  have  a  wide  anomalously 
negative  range  of  carbon  isotope  composition  (Galimov,  1984).  Clinopyroxenes  represented  both 
by  chrome  diopsides  and  omphacites  were  studied.  Omphacites  contain  variable  Na20  from  2.7  up 
to  11.1  wt.%,  containing  more  than  70  mol.%  of  jadeite.  Olivines  are  typical  forsterites  with  the 
average  Fo  close  to  92.5.  Chromites  and  enstatites  are  similar  to  the  same  minerals  from  worldwide 
diamonds  (Meyer,  1987). 

Only  U-type  inclusions  -  chromite,  olivine,  and  Ca-poor  Cr-pyrope  -  were  established  in  1 1  diamonds 
from  two  pipes  (Ruslovaya  and  Leningrad)  of,  supposedly,  Triassic  age  in  the  Anabar  region.  The 
Dianga  diamondiferous  pipe  of  Mesozoic  (156  ±  8  Ma)  zircon  age  (W.Griffin,  personal 
communication),  is  situated  in  the  Kuoika  field  of  the  Lower-Olenek  region,  near  the  known  barren 
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kimberlite  pipes  of  similar  age  (148-151  Ma,  Davis  et  al.,  1980),  including  the  Obnazhennaya  pipe. 
This  is  one  of  a  few  pipes  situated  north  of  70°N  from  which  inclusions  in  diamonds  have  been 
studied.  Fourteen  inclusions  of  clinopyroxene  and  eight  inclusions  of  garnet,  as  well  as  single 
inclusions  of  picroilmenite  and  altered  enstatite  have  been  identified  in  18  severely  corroded 
dodecahedral  diamond  crystals.  Garnets  from  Dianga  diamonds  are  characterized  by  a  stable 
elevated  Mg  content  (67.1-74.0  mol.%),  moderate  CaO  (4.14-6.15  wt.%),  and  stable  admixture  of 
Cr203  (0.12-0.64  wt.%),  all  these  discriminate  them  from  typical  E-type  garnets.  Pyroxenes, 
coexisting  with  garnets  in  some  samples,  are  characterized  by  great  variations  in  Na20  content 
(2.64-5.50  wt.%).  The  presence  of  altered  enstatite  and  indicated  features  of  the  garnets  permits  the 
whole  sample  of  inclusions  to  be  referred  to  the  websterite-pyroxenite  paragenesis,  intermediate 
between  the  U-  and  E-types  (Sobolev,  1983). 

The  wide  range  in  garnet  compositions  with  a  number  of  plots  occupying  almost  empty  parts  of  Ca- 
Mg-Fe  diagram  compiled  by  Meyer  (1987)  is  typical  of  studied  diamond  inclusions.  High  Ca-gamets 
including  that  coexisting  with  kyanite  as  well  as  a  number  of  garnets  plotted  as  transitional 
compositions  between  U-  and  E-types  are  of  significance.  The  latter  confirm  the  significance  of 
websterite-pyroxenite  assemblage  not  only  at  the  shallower  levels  of  the  lithosphere  (Sobolev, 
Kharkiv,  1976)  but  also  within  the  diamond  stability  field  of  the  studied  region. 

Comparison  of  inclusions  in  diamonds  from  placers  and  kimberlites  of  the  same  regions  suggests 
that  these  kimberlites  could  not  be  the  source  for  the  bulk  of  the  placer  diamonds.  The  extremely 
diverse  composition  of  the  garnets,  going  beyond  the  scope  of  the  generalized  worldwide  data 
(Meyer,  1987),  as  well  as  the  steadily  increased  content  of  the  E-type  garnets  compared  with  the  U- 
type  garnet  in  diamonds  are  evidence  of  multiplicity  of  sources  for  diamonds  in  this  region,  which, 
supposedly,  belong  to  the  kimberlite  and/or  lamproite  type. 
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Figure.  Garnet  inclusions  in  diamonds  from  Northeastern  part  of  the  Siberian 
Platform  plotted  in  terms  of  atomic  Ca-Mg-Fe1.  Garnets  of  E-type  (1), 
of  wesbsterite-pyroxenite  type  (2),  from  Dianga  diamonds  (3);  coexisting 
with  coesite  (4),  coexisting  with  kyanite  (5),  of  U-type  (6). 
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Metasomatism  of  the  Mantle  Beneath  Yakutia:  A  Quantitative  Study  of 
Secondary  Chemistry  and  Mineralogy  in  Udachnaya  Eclogites 

Sobolev,  V.N.1 , Taylor,  L.A.1,  Snyder,  G.A.1,  Jerde,  E.A.2,  Neal,  C.A.3,  and  Sobolev,  N.V.4 
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We  present  the  first  attempt  at  quantizing  metasomatism  in  Udachnaya  eclogites. 
Reconstructed  whole-rock  (“pristine”)  compositions  were  compared  to  measured  whole-rock 
compositions  for  both  major-  and  trace-elements  for  ten  Udachnaya  eclogites.  This  resulted  in  A 
values,  i.e.,  the  difference  between  pristine  and  measured  whole-rock  compositions.  There  is  a 
general  depletion  in  Si02,  Na^,  and  FeO,  and  enrichment  in  Ti02,  K20,  MgO,  and  LREE  in  the 
measured  whole-rocks.  This  quantitative  approach  demonstrates  that,  although  the  major 
metasomatic  source  affecting  Udachnaya  eclogites  was  similar  to  host  kimberlite  in  general 
enrichment/depletion  patterns,  it  was  distinctly  different  in  terms  of  major-  and  trace  element 
abundances.  The  metasomatic  agent  inferred  from  Udachnaya  eclogites  “truly”  represents  mantle 
metasomatism  which  occurred  prior  to  kimberlite  eruption. 

Introduction.  Alteration  in  mantle  xenoliths  from  kimberlites  significantly  complicates  studying 
their  petrogenesis.  This  alteration  is  the  result  of  long  residence  times  in  the  mantle,  during  which 
the  xenoliths  experience  a  wide  variety  of  processes  at  variable  P&T.  One  of  these  processes, 
metasomatism,  is  yet  to  be  quantitatively  understood  and  described  with  respect  to  fluid(s) 
compositions  involved  in  this  phenomenon.  This  has  been  difficult  because  of  the  possible  sources 
for  these  fluids  -  e.g.,  only  mantle  vs.  late  kimberlite.  In  fact,  metasomatism  has  often  been  used  in 
the  past  as  a  panacea  for  many  chemical  and  petrological  problems  relating  to  mantle  xenolith 
genesis. 

Using  whole-rock  chemistry  and  reconstructed  primary  whole-rock  compositions  obtained  from 
modal  analyses  and  mineral  chemistry,  theoretically,  one  should  be  able  to  determine  the 
composition  of  the  metasomatic  fluid(s).  However,  this  is  only  possible  when  all  chemical  changes 
in  the  rock  are  due  to  modal  and  not  cryptic  metasomatism,  i.e.,  primary  minerals  are  chemically 
homogeneous.  Sobolev  et  al.  (1994)  showed  that  diamondiferous  eclogites  from  the  Udachnaya 
kimberlite  are  unusual  in  the  virtual  absence  of  compositional  variations  within  and  between 
primary  minerals  of  a  given  xenolith.  Thus,  these  rocks  represent  a  unique  suite  of  samples  where 
most,  if  not  all,  chemical  changes  made  by  metasomatic  fluids  lead  to  the  appearance  of  secondary 
minerals  (modal  metasomatism)  and  not  to  chemical  zonations  and  intergrain  variations  in  primary 
phases.  This  permits  one  to  use  mineral  modes  obtained  from  point-counting  to  reconstruct  pristine 
whole-rock  compositions  and  to  compare  these  to  measured  whole-rock  analyses. 

In  this  study,  the  above  mentioned  comparison  is  used  to  discern  the  nature  of  the  metasomatic 
fluids.  A  total  of  10  eclogites  from  the  Udachnaya  kimberlite  of  the  Yakutian  diamondiferous 
province  were  selected  for  this  study  based  on  freshness  of  the  xenoliths.  The  eclogites  in  this 
study  were  obtained  from  different  horizons  of  the  Udachnaya  mine  and  are  relatively  fresh.  A 
gross  assumption  is  made  that  weathering  does  not  contribute  appreciably  to  the  alteration  of  the 
samples,  i.e.,  that  this  alteration  is  due  solely  to  metasomatic  modification  of  the  primary  rocks. 
This  assumption  is  supported  by  the  general  lack  of  weathering  of  the  host  kimberlite. 

Mineralogy  and  Petrography.  The  mineralogy  and  petrography  of  the  samples  have  been 
described  in  detail  by  Sobolev  et  al.  (1994)  and  Snyder  et  al.  (1997).  Udachnaya  eclogites  are 
characterized  by  the  virtual  absence  of  compositional  zoning  (Sobolev  et  al.,  1994),  in  contrast  to 
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eclogites  from  other  Yakutian  localities  (e.g.,  Mir  kimberlite,  Beard  et  al.,  1996),  indeed,  from 
eclogites  worldwide. 

Udachnaya  eclogites  contain  a  distinct  assemblage  of  secondary  minerals  which  include 
phlogopite,  amphibole,  serpentine,  feldspar,  pyroxene,  various  sulfides,  calcite,  and  spinel. 
Metasomatism  By  subtracting  the  PWR  composition  from  the  MWR,  a  A  for  each  element  (Fig.l) 
is  obtained.  This  value  includes  not  only  the  contribution  from  the  metasomatic  fluid,  but  also  the 
contribution  by  the  alteration  of  garnet  and  clinopyroxene.  A  10%  error  (uncertainties  in  modal 
abundances)  was  taken  into  account.  Resultant  A  values  less  than  this  error  range  were  assumed  to 
be  indistinguishable  from  zero  and  are  not  indicated  on  Fig.l.  There  is  general  enrichment  in  MgO 
and  K20,  and  depletion  in  Si02  and  Na^  for  all  samples;  A1203  is  depleted  in  all  but  eclogite 
237/79;  Ti02  is  enriched  in  all  but  samples  25/84,  35/1,  236/79.  All  measured  REE  patterns  are 
enriched  in  LREE  and  MREE  relative  to  reconstructed  patterns  (Fig. 2).  HREE  abundances  do  not 
possess  a  general  enrichment/depletion  pattern. 

The  compositions  of  secondary  minerals  were  taken  into  account  in  the  interpretation  of  the 
results.  Obtained  modes  were  also  compared  to  the  compositions  of  fluid  inclusions  trapped  in 
fibrous  diamonds  (data  from  Schrauder  and  Navon,  1994;  Schrauder  and  Koeberl,  1994).  In  order 
to  evaluate  whether  kimberlite  was  the  source  for  the  metasomatic  fluid,  ratios  of  various  elements 
for  PWR  and  MWR  were  compared  to  kimberlite  ratios.  Different  metasomatic  models  were  tested 
based  upon  composition  of  the  alteration  and  its  correlation  with  A  values. 

Conclusions:  The  quantitative  approach,  with  its  enrichment/depletion  signatures,  demonstrates 
that  the  major  metasomatic  source  for  Udachnaya  eclogites  was  similar  to  that  expected  from  a 
kimberlite,  but  different  mainly  in  terms  of  absolute  major-  and  trace-  element  abundances.  The 
fluids  appear  to  have  been  more  enriched  in  Ti02,  K20,  Cl,  FeO  and  LREE  (up  to  300-600  ppm  of 
La)  than  the  kimberlites.  These  metasomatic  agents  also  may  have  contained  significant  amounts  of 
F,  C02,  and  H20.  A  carbonatite-like  fluid  has  affected  samples  35/1  and  51/3,  and  resulted  in  much 
higher  Ca  contents  (due  to  CaC03)  of  the  MWR  values  for  these  samples.  It  is  believed  that  the 
major  metasomatizing  fluids  which  modified  the  Udachnaya  eclogites  probably  represent  older 
mantle  metasomatism,  and  their  introduction,  in  timing  and  composition,  was  different  from  that  of 
the  host  kimberlite. 
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Fig.l.  Absolute  A  values  for  the  Udachnaya 
eclogites.  X  axis  is  the  relative  %  of  the 
constituent  oxides. 
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System  analysis  of  remote  sensing  data  on  structural  control  of  diamondiferous  areas 

Sokolovsky  A.K,  Serokurov  Yu.N.,  Kalmykov  V.D. 

To  date  main  natural  diamond  receptacles  are  kimberlites  and  lamproites  found  practically  in 
all  the  continents  of  the  world.  Natural  groupings  of  these  rocks  in  outer  crust  form  mineragenetic 
taxons,  each  having  its  own  structural  control  forms. 

Numerous  concepts  concerning  structural  control  of  diamondiferous  magmatites  can  be 
reduced  to  the  following  postulates.  Diamondiferous  areas:  are  confined  to  platform  blocks  of  the 
Earth’s  crust  with  Pre-Cambrian  basements  and  (more  rarely)  to  their  folded  frames;  are  generally 
governed  by  regional  linear  structures  of  mantle  origin  and  repeated  activation;  are  concentrated  at 
points  of  intersection  between  the  above  structures  and  similar  ones;  are  marked  by  ring  structures  of 
crystalline  basement  resulted  from  formation  and  evolution  of  deep-seated  hearths  of  central  type. 

An  investigation  of  the  position  of  diamondiferous  areas  based  on  remote  sensing  data 
demonstrated  that  there  is  a  considerable  reserve  in  deciphering  new  forms  of  their  structural  control. 
Satellite  images  are  effective  in  distinguishing  block  and  fault  structures  of  various  depth  and  origin. 
They  are  detected  by  linear,  concentric  or  concentric  and  radial  arrangements  of  orohydrographic, 
soil,  vegetative  and  other  landscape  elements  as  well  as  textures,  tones  and  colours  of  images 
resulted  from  composition  of  geologic  substratum. 

Considerable  scale  range  of  satellite  survey  of  the  planet  surface  provides  for  distinguishing 
wide  spectrum  of  variously  ranked  structures  located  at  different  depths  including  those  controlling 
diamond  taxons.  Specific  character  of  the  material  used  allows  to  systematise  separate  data  and  select 
those  related  in  a  varying  degree  to  diamondiferous  objects. 

Planet  control  systems  of  diamondiferous  areas.  Examination  and  processing  of  small 
resolution  satellite  images  of  some  continents  ( the  north  of  Europe  and  Asia,  Africa,  South  America, 
Australia,  India  and  a  part  of  Antarctica)  allowed  to  detect  within  their  boundaries  the  traces  of  huge 
(up  to  10  thousand  km  in  diameter)  concentric  and  radial  systems  by  lineament  concentrations  of  the 
global  scale.  In  the  southern  hemisphere  the  integrated  picture  of  these  systems  was  obtained  only  by 
reconstructing  the  positions  the  continents  had  before  their  separation  in  Mesozoic.  Studies  of  satellite 
gravimetry  data  on  the  above  territories  confirmed  the  existence  of  concentric-radial  structures. 


83  8 


It  is  important  to  note  that  concentric-radial  systems  on  different  continents  have  similar 
organization  and  apparent  long  development  history.  One  may  assume  that  they  served  as  carcass  in 
forming  the  Earth’s  crust  architecture  during  first  of  all  Pre-Mesozoic  history  of  the  Earth. 

Central  parts  of  concentric-radial  systems  (within  the  contours  of  ancient  platforms)  can  be 
treated  as  the  most  prospective  structures  favorable  for  formation  of  diamondiferous  provinces. 
General  analysis  of  dislocations  of  the  areas  exhibiting  kimberlite  magmatism  in  respect  to  the 
elements  of  East  Siberian,  East  European,  South  American- African  and  Australian  systems  showed 
that  90  per  cents  of  such  areas  are  controlled  by  their  concentric-radial  components.  That  is,  these  are 
areas  inside  the  platforms  that  are  most  prospective  for  searching  for  kimberlite-enclosed  zones. 

Continental  structures  that  control  diamond  potential.  More  detailed  studies  of  small 
resolution  satellite  images  supported  by  those  of  medium  resolution  revealed  ovoidal-radial 
structures  one-two  thousand  km  in  diameter  within  ancient  platforms.  Arc  and  radial  elements  that 
constitute  the  structures  are  considered  as  zones  of  high  tectonic  activity  and  permeability  in  the 
course  of  the  whole  history  of  lithosphere  development,  which  predetermines  the  fact  that  early  Pre- 
Cambrian  sutural  depressions  (  throughs),  fragments  of  rift  systems  and  sections  of  differently  aged 
magmatism  are  all  confined  to  them.These  formations  are  apparently  younger  than  concentric-  radial 
zones  since  their  core  parts  occupy  a  rather  definite  position  in  the  nodes  of  intersections  between  arc 
and  radial  elements  of  the  latter  ones  and,  on  the  whole,  they  form  a  peculiar  cell  structures  of  the 
second-cycle  platform. 

Projection  of  such  structures  on  platform  surfaces  may  be  considered  as  an  indicator  for 
possible  formation  of  diamondiferous  “subprovince'’-ranked  taxons  that  govern  the  arrangement  of 
higher-ranked  taxons. 

Local  structures  that  control  diamond  potential.  The  analysis  of  medium  resolution 
satellite  images  on  a  number  of  known  diamondiferous  areas  (Malo-Botuobinskaya,  Daldyno- 
Alakitskaya,  Arkhangelskaya  in  Russia,  Orapa,  Dzhvaneng,  Pretoria,  Kimberly  in  South  Africa  ,  West 
and  East  Kimberly  in  North-East  Australia)  performed  by  us  showed  within  their  boundaries 
universal  presence  of  complex  ring  structures  that  outline  the  areas  of  kimberlite  and  cognate  rock 
development.  Similar  size  and  morphology  of  structural  forms  that  are  determined  on  several  areas 
with  different  geological  composition  and  landscapes  allow  to  treat  them  as  obligatory  characteristics 
of  a  “region’-ranked  taxon  that  generally  comprise  several  fields  within  a  contour. 

For  the  most  part  the  fields  of  kimberlites  and  their  related  rocks  occur  within  the  core  and  in 
the  central  zone  of  the  structures..  They  have  spatial  trend  towards  the  largest  radial  and  arc 
elements  of  these  structures  as  well  as  the  nodes  of  their  intersections.  The  fields  are  mostly 
concentrated  within  the  zones  related  to  ovoidal  and  radial  structures  of  the  preceding  rank  that  tend 
to  form  an  intersection  node  between  themselves  within  the  regions. 
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Detailed  structures  that  control  diamond  potential.  Concentrations  of  kimberlite  bodies 
within  the  region  at  first  sight  are  arranged  in  a  rather  random  manner.  However,  onjdoser  inspection 
kimberlites  and  lamproites  are  noted  to  have  strict  spatial  trend  to  the  most  disturbed  sections,  namely 
the  sections  of  cone  boundaries  of  cores  and  middle  zones  ,  radial  zones  influenced  by  lower-  scaled 
tectonic  elements. 

In  the  sections  of  the  greatest  concentration  of  kimberlite  clusters  the  analysis  of  satellite 
images  of  detailed  resolution  reveals  ring  structures  30-50  km  in  diameter  resulted  either  from  energy 
impulses  encouraging  rapid  kimberlite  magma  transportation  from  the  mantle  to  the  surface  or  from 
intracrust  magmatic  hearths  where  mantle  magmatite  evolution  and  kimberlite  magma  separation 
took  place  during  definite  activation  periods. 

Last  to  be  considered  in  diamondiferous  sequence  are  kimberlite  and  lamproite  bodies  that 
often  have  a  pipe  form,  although  dikes  and  sills  are  also  globally  occur.  Within  open  territories  they 
are  represented  on  the  surface  by  positive  and  negative  forms  of  modem  landscape..  When  pipes  are 
overlain  by  more  recent  formations  their  recognition  on  the  images  is  difficult. 

Summing  up  the  aforesaid  one  may  conclude  that  practically  the  whole  taxonometric 
sequence  of  diamondiferous  areas  is  controlled  by  the  structures  originated  due  to  abyssal  processes 
and  definite  organization  of  mantle  and  crust  composition.  These  structures  are  responsible  either  for 
regional  position  of  diamondiferous  taxons  or  for  the  characteristics  of  their  internal  composition. 
Revealing  the  structures  of  the  corresponding  types  is  a  methodical  task  of  a  particular  scale  of  the 
investigation  and  the  need  to  select  successively  first  regional  and  then  local  diamond-controlling 
structures  is  dictated  by  the  methods  of  system  analysis  that  allows  to  achieve  the  end  result  with 
minimum  time  and  cash  expenditures. 
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Polychrome  olivines  in  coarse  grained  lherzolites  from  the  Udachnaya  pipe  - 
possible  fine  indicators  of  reduced  metasomatism 

L.V.  Solovjeva1,  V.G.  Barankevich2,  O.A.  Bayukov3,  O.M.  Glazunov4 

1-  Institute  of  the  Earth’s  Crust,  SB,  RAS  Lermontov  str.  128,  Irkutsk,  Russia;  2  -  IRGIREDMET,  Gagarin,  36, 
Irkutsk,  Russia;  3  -  Institute  of  Physics,  SB  RAS,  Krasnoyarsk,  Russia;  4  -  Institute  of  Geochemistry,  SB  RAS, 
Favorsky  str. la,  Irkutsk,  Russia 

The  phenomena  of  polychrome  character  of  olivine  in  deep-seated  xenoliths  of  grained 
peridotites  has  not  been  described.  It  is  more  likely  due  to  olivine  serpentinization,  shading  this 
effect.  The  polychrome  olivines  are  found  in  approximately  20-25%  of  xenoliths  of  grained  spinel, 
spinel-garnet  and  garnet  lherzolites  from  the  Udachnaya  pipe.  Olivines  show  the  zonation  of  the 
following  type:  central  grain  parts,  having  a  shape  of  one  or  two-three  regular  blocks,  are  coloured 
pale  orange,  brownish-yellow,  while  the  marginal  parts  are  light  green,  colourless  (Fig.l).  The 
transitional  yellow-green  blocks  are  observed  between  these  zones.  The  change  of  one  colour  into 
another  is  evident  and  frequently  goes  along  the  boundary  of  blocks.  The  ratio  of  different  colour 
olivines  in  different  xenoliths  widely  vary  -  from  the  predominant  orange  olivine  (  ~  90%)  with 
narrow  green  zones  (~  10-15%)  to  the  rocks  with  uniformly  coloured  light  green  or  colorless 
olivine. 


b 


a 


c 


Fig.  1.  Zone  and  block  character  of  polychrome  olivine  in  common  granular  lherzolites  from 
Udachnaya  pipe.  White  -  pale  orange,  brownish-yellow,  cross-hatching  -  yellow-green,  green, 
hatching  -  pale  green,  colourless  olivine.  In  upper  left  part  it  showed  the  serpentinization  of  olivine 
on  block  boundaris  (points),  a  -  sample  345/87  (spinel  lherzolite):  c,  i,  rl,  r2  -  points  of 
microanalyses  in  table  1.  b  -  sample  325/87  (garnet  lherzolite):  c  and  r  -  points  of  microanalyses  in 
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table  1.  c  -  kimberlite  (k)  contact  cut  different  coloured  blocks  of  olivine  grain.  Size  of  grains  is  2  - 
5  mm.  The  sketchs  from  samples. 

Table  1  .Mineral  compositions  in  xenoliths  with  polychrome  olivine 


Sample 

345/87  -  Spinel  lherzolite 

Oxide 

wt% 

Ol. 

Ol, 

01rl 

0ir2 

Opx, 

Opx„ 

Opx, 

Cpx 

Sp 

Si02 

41.1 

40.8 

40.8 

40.9 

55.4 

57.0 

57.1 

54.4 

0.03 

Ti02 

<0.003 

<0.003 

<0.003 

<0.003 

<0.003 

<0.003 

<0.003 

0.03 

<0.003 

A1A 

<0.003 

<0.003 

<0.003 

<0.003 

3.00 

2.63 

2.14 

3.66 

40.4 

Cr203 

<0.003 

<0.003 

0.01 

<0.003 

0.48 

0.40 

0.28 

1.18 

28.6 

Fe203 

1.59 

FeO 

7.25 

7.53 

7.45 

7.35 

5.14 

4.90 

4.95 

1.51 

11.7 

MnO 

0.08 

0.07 

0.08 

0.07 

0.07 

0.10 

0.13 

0.05 

0.40 

MgO 

51.3 

51.4 

51.3 

51.4 

35.2 

34.9 

35.0 

15.7 

17.0 

CaO 

0.02 

0.03 

0.01 

0.02 

0.52 

0.41 

0.30 

22.3 

n.a. 

Na20 

n.a. 

n.a. 

n.a. 

n.a. 

n.a. 

0.01 

0.02 

1.14 

n.a. 

K20 

n.a. 

n.a. 

n.a. 

n.a. 

n.a. 

<0.003 

<0.003 

<0.003 

n.a. 

CoO 

<0.003 

<0.003 

0.02 

0.05 

<0.003 

<0.003 

<0.003 

0.01 

0.05 

NiO 

0.41 

0.35 

0.34 

0.40 

0.07 

0.02 

0.02 

0.04 

0.13 

Total 

100.16 

100.18 

100.01 

100.19 

99.88 

100.37 

99.94 

100.02 

99.90 

mg 

93 

92 

92 

93 

92 

93 

92 

95 

72 

Table  1  (continued) 


Oxide 

325/87  -  Garnet  lherzolite 

wt% 

Ol, 

Ol, 

Gnt]c 

Gnt„ 

Gnt2c 

Gnt2, 

Opxe 

Opx, 

Cpx 

Si02 

40.5 

40.7 

41.4 

41.6 

42.6 

41.6 

56.7 

57.1 

53.7 

Ti02 

<0.003 

<0.003 

<0.003 

<0.003 

0.01 

<0.003 

<0.003 

<0.003 

0.003 

A1A 

<0.003 

<0.003 

21.1 

21.3 

21.5 

20.9 

1.43 

1.06 

2.58 

Cr203 

<0.003 

<0.003 

3.90 

3.63 

3.30 

3.78 

0.51 

0.26 

1.52 

Fe203 

0.03 

0.14 

0.32 

1.40 

0.65 

2.53 

FeO 

7.65 

7.60 

8.33 

8.00 

7.23 

7.80 

3.58 

4.35 

MnO 

0.03 

0.03 

0.45 

0.42 

0.34 

0.40 

0.05 

0.10 

0.02 

MgO 

51.2 

51.1 

19.4 

19.7 

20.0 

19.5 

35.4 

36.0 

16.1 

CaO 

0.03 

0.05 

5.56 

5.40 

5.46 

5.55 

0.44 

0.24 

21.2 

Na20 

n.a. 

n.a. 

0.01 

<0.003 

0.02 

0.01 

0.10 

0.05 

1.80 

K20 

n.a. 

n.a. 

n.a. 

n.a. 

n.a. 

n.a. 

<0.003 

<0.003 

0.02 

CoO 

<0.003 

0.03 

<0.003 

<0.003 

0.01 

0.01 

<0.003 

<0.003 

0.003 

NiO 

0.40 

0.37 

<0.003 

<0.003 

<0.003 

<0.003 

0.05 

0.02 

0.003 

Total 

99.81 

99.88 

100.18 

100.05 

100.01 

99.87 

99.66 

99.83 

99.47 

Mg 

92 

92 

81 

81 

83 

82 

95 

96 

Notes,  c  -  centre  of  grain,  r  -  rime  of  grain.  Fe203  calculated  from  stochiometry.  n.a.  -  not  analysed.  Analyses  were 
obtained  using  standard  electron  microprobe  techniques  with  a  CAMEBAX  -  MICRO  microprobe. 


Table  2.  The  values  of  Fe^/ZFe  from  Mossbauer  data  for  olivines 


Sample 

345/87  -  Sp  lherzolite 

325/87  -  Gnt  lherzolite 

343/87G  1 

545/80  G  1  34/83 SpG 
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01  colour 

c -  orange 

r  -  green 

c  -  orange 

r -  green 

c  -  brown 

c  -  orange 

t  -  green 

Fe+i/Z 

Fe 

0.025 

0.019 

0.020 

0.008 

0.025 

0.034 

0.008 

Notes,  c-centres  of  grains,  r-rimes  of  grains,  t-total  grains.  G  1  and  SpG  1-  Gnt  and  Sp-Gnt  iherzolites. 


The  distribution  of  polychrome  olivines  in  xenoliths  does  not  show  any  dependence  on  the 
distance  to  the  boundary  with  the  kimberlite.  Sometimes,  olivine  blocks  of  different  color  are  cut  by 
this  boundary'  (  Fig.lc).  An  evident  correlation  between  polychrome  character  of  olivines  and 
intensity  of  mineral  serpentinization  as  well  as  occurrence  of  late  metasomatism  products  in 
xenoliths  (  complex  kelyphitic  rims  on  the  garnet  and  micro-grained  fringes  of  needle  amphibole, 
Al-  clinopyroxene,  Al-spinel,  Cr-magnetite  on  pyroxenes)  is  not  available. 

Table  1  gives  the  composition  of  minerals  from  two  xenoliths  with  polychrome  olivine. 
Spinel  lherzolite  345/87  (~  3%  Sp,  5-7%  Cpx,  -  30%  Opx,  -  60%  01)  contains  nearly  30-35%  of 
pale  orange  olivine  (  central  grain  parts),  40-50%  of  yellow-green  olivine  ( transitional  zones)  and 
10-15%  of  light  green  olivine  (  grain  margins).  In  composition  the  central  block  of  the  analyzed 
grain  (Fig.  la,  01c-  table  1)  is  homogenous.  Insignificant  increase  of  FeO  and  decrease  of  NiO  are 
observed  in  the  transitional  and  marginal  zones  (  01;  and  01rl).  The  marginal  light  green  zone  01r2  is 
compositionally  similar  to  the  orange  olivine  of  the  central  block  01c.  Different  orthopyroxene 
grains  (  OpXj  and  Opxc)  are  various  in  terms  of  Al,  Cr,  Fe,  Ca  and  Ni  oxide  compositions.  There  is  a 
significant  decrease  of  Al,  Cr,  Ca  oxide  contents  in  the  marginal  zone  of  the  grain  (Opx,)  as 
compared  to  the  central  (Opxc)  part.  Clinopyroxene  and  spinel  have  not  been  studied  for  the 
chemical  heterogeneity. 

Garnet  lherzolite  325/87  (  5-7%  Gnt,  5-7%  Cpx,  3-5%  Opx,  80-85%  01)  contains  35-40% 
of  pale  orange  olivine  of  central  blocks,  wide  marginal  zones  are  represented  by  green,  light  green 
variety'.  Both  colour  olivine  types,  analyzed  in  one  grain,  are  similar  by  composition  (Fig. lb,  01c 
and  01r  -  table  1).  An  opposite  zonation  type  by  Cr,  Fe,  Ca  oxide  contents  are  found  in  two  garnet 
grains  from  the  centre  to  the  margins.  The  concentrations  of  Al,  Cr,  Ca,  Fe3+  oxides  decrease  in  the 
marginal  part  of  orthopyroxene  grain.  Different  clinopyroxene  grains  show  different  concentrations 
of  Al,  Cr.  Fe  oxides. 

The  heterogeneity  and  zonation  of  mineral  composition  in  Iherzolites  with  the  polychrome 
olivine  indicate  the  metosamatic  transformation  of  rocks  .  At  the  same  time  the  absence  or  weak 
change  of  main  oxide  contents  in  different  colour  olivine  zones  suggest  that  polychrome  character 
of  olivine  is  not  related  to  the  change  of  its  chemical  composition. 

The  Mossbauer  spectroscopy  investigations  were  done  to  reveal  a  possible  influence  of  iron 
oxidation  on  the  olivine  colour.  Olivines  of  different  colour  were  selected  by  hand  under  the 
binocular  from  <  0.25  and  <  0.5  mm  fractions.  The  survey  was  done  on  gas-resonance  spectrometer 
( Al -4096-3 M  )  with  a  multi-channel  device  under  a  room  temperature.  The  source  was  57Co  in 
chrome  matrix  with  the  activity  in  23  Ci. 

The  results  of  these  investigations  suggest  that  orange,  yellow  olivines  from  the  central  grain 
blocks  have  higher  Fe+3  concentrations  as  opposed  to  green  and  colorless  olivines  from  the  marginal 
zones  and  from  separate  samples  (Table  2).  It  may  be  believed  that  green  and  colorless  marginal 
zones  in  polychrome  olivines  resulted  from  the  influence  of  the  reduced  fluids.  The  pattern  of  block 
zonation  in  mineral  indicates  that  this  process  took  place  after  the  superimposed  deformations.  The 
latter  dismembered  the  olivine  grains  into  regular  crystallographic  domens,  blocks.  The  boundaries 
between  them  prevented  the  fluid  diffusion.  It  is  likely  that  polychrome  olivines  are  fine  indicators 
of  metasomatism  of  a  reduced  type,  which  occurred  on  the  early  stage  of  kimberlite-forming 
tectonic-magmatic  cycle  and  is  possibly  associated  with  diamond  formation  [Solovjeva  et.al.  1997]. 

1.  Solovjeva  L.V.,  Egorov  K.N.,  Markova  M.E.et  al.  //  Mantle  metasomatism  and  melting  in 
deep-seated  xenoliths  from  the  Udachnaya  pipe  and  their  possible  relationship  with  diamond 
and  kimberlite  formation  //  Russian  Geology  and  Geophisics  -  1997.-V.  38,  1. 
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Two  Generations  of  Diamonds  in  the  Eclogite  Xenoliths 

Zdislav  V.  Spetsius 

Institute  of  Diamond  Industry,  “  Almazy  Rossii-Sakha  “  Co  Ltd.,  Mirny,  Russia 

Introduction 

It  is  accepted  most  scientists  that  overwhelming  majority  of  the  diamonds  are  xenocrysts  from 
mantle  rock  trapped  by  ascending  kimberlitic  or  lamproitic  magmas.  Dating  of  mineral 
inclusions  in  diamonds  (Richardson  et  al.,  1984)  and  high  aggregation  state  of  nitrogen  of 
single  crystals  suggest  about  ancient  model  ages  of  diamonds.  However,  nonuniform  trace 
elements  distribution  in  garnet  inclusions  (Shimizu  and  Sobolev,  1996),  short  residents  time  in 
mantle  fibrous  diamonds  (Shrauder  et  al.,  1995)  and  some  other  observations  indicate  a  more 
young  age  of  part  of  diamonds  a  relatively  close  to  the  time  of  kimberlite  intruding.  We  have 
strong  arguments  that  some  diamonds  were  formed  near  the  time  of  the  kimberlite 
emplacement  (Richardson  et  al.,  1993).  These  data  and  some  petrographic  evidences 
(Spetsius,  1995b)  suggest  about  multistage  formation  of  diamonds  in  mantle.  The  proven 
diamonds  source  are  various  types  of  mantle  rocks,  but  the  relative  proportion  of  eclogitic  to 
peridotitic  diamonds  paragenesis  widely  varies  in  separate  localities.  This  uncertainty  and 
multistage  diamonds  population  of  kimberlites  remain  a  topic  of  discussion  and  their  decision 
is  important  for  prospecting  and  exploration. 

Samples 

More  than  500  samples  of  mantle  diamondiferous  xenoliths  ,  mostly  of  eclogites,  were  found 
in  Yakutian  kimberlite  province.  Documentation  of  the  assemblages  reported  here  is  based  on 
binocular  microscope  observation  of  about  300  diamondiferous  xenoliths  from  Udachnaya, 
Mir,  Sytykanskaya  and  other  pipes  and  detail  investigation  of  diamonds  and  rocks  from  70 
samples  of  eclogites. 

Results 

Petrography:  Diamond-bearing  specimens  are  encountered  in  all  compositions  of  mantle 
eclogite  rocks:  bimineral  eclogites  of  ferrous  and  magnesian  series,  kyanite  and  corundum 
eclogites  and  also  in  garnet  websterites.  The  diamondiferous  eclogites  do  not  stand  out  of  the 
general  series  of  mantle  eclogites  from  kimberlite  pipes  either  by  specific  properties,  the 
composition  of  the  minerals,  or  the  distribution  of  elements  between  the  coexisting  garnets  and 
pyroxenes.  Intensive  partial  melting  is  characteristic  feature  for  the  most  specimens.  To  some 
extent  this  is  a  typomorphic  sign  of  diamondiferous  eclogites  from  the  Udachnaya  pipe 
(Spetsius,  1995a).  A  selective  enrichment  in  REE  is  observed  in  some  xenolith  minerals  (high 
content  of  LREE  in  Cpx  and  HREE  in  Gt),  what  is  explained  due  to  a  complicated 
metasomatic  evolution  (Spetsius  and  Griffin,  1997). 

Diamonds:  Usually  3-5  crystals  are  present  in  one  xenolith,  and  rarely  more  than  1000  crystals 
(Spetsius,  1995a).  The  size  of  diamonds  in  xenoliths  varies  from  micro-  (  less  than  500 
microns)  to  macrodiamonds  (2-6  mm,  sometimes  more  than  10  mm).  Mainly  all  diamonds  are 
similar  in  size  in  each  individual  xenolith,  but  in  collection  of  70  samples  6  xenoliths  contain 
both  crystals  as  a  large  as  about  5  mm  together  with  diamonds  of  less  than  0.5  mm.  In  last 
cases,  the  microdiamonds  are  obviously  connected  with  vein  of  partial  melting  products. 
Crystals  of  octahedral  or  combined  habit  are  more  abundant  in  the  eclogites  from  Yakutian 
kimberlites.  In  their  morphology  diamonds  from  xenoliths  overlap  all  main  types  of  diamonds 
in  kimberlites.  All  diamonds  in  one  sample  usually  have  the  same  morphology.  Two  types  of 
diamonds  are  present  in  rare  cases.  Cubic  crystals  are  more  abundant  in  eclogites  from  the 
Udachnaya  pipe  than  in  the  total  population  of  diamonds  from  this  pipe.  It  is  probably 
explained  by  peculiarities  of  mantle  xenoliths  recollection. 
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Surface  structures  of  crystals  in  eclogites  are  variable  and  mainly  are  similar  to  those  of  the 
kimberlite  diamonds.  As  a  rule  diamonds  show  regular  growth  layers  and  a  slight  dissolution  is 
observed  only  in  rare  samples.  Nonuniform  features  are  present  in  two  xenoliths.  Plastic 
deformation  was  observed  in  crystals  from  three  xenoliths  and  is  obviously  connected  with  the 
direction  of  tectonic  deformation  in  the  whole  rock. 

Careful  examination  of  the  diamonds  from  about  70  xenoliths  shows  that  50%  of 
macrodiamonds  crystals  (>lmm  )  contain  some  visible  inclusions.  Usually  there  are  a  little 
tiny  grains  of  opaque  minerals.  Sulfide  inclusions  are  the  most  common.  Silicate  inclusions  are 
rare.  The  diamonds  in  some  specimens  have  sulfide  rims  around  them. 

Discussion 

The  complicated  and  multistage  history  of  growth  has  been  noted  for  part  of  diamonds  as 
peridotitic  and  eclogitic  paragenesis,  that  is  manifested  in  zonal  growth  of  diamonds  and 
resorption,  deformation  or  cleavage  of  crystals  and  their  later  regrowth  (Spetsius,  1995b).  The 
results  of  investigation  of  large  octahedral  diamond  crystals  (Bulanova  ,  1995),  show  that  their 
central  zones  may  have  different  shape:  cubic,  rounded,  cubo-octahedral  or  octahedral.  This 
evidences  that  diamonds  have  a  multistage  and  interrupted  growth,  which  responds  to 
environmental  and  P-T  condition  changes  and  probably  to  variations  in  volatile  components. 
Some  petrologic  evidence  for  multistage  formations  of  diamonds  in  kimberlites  and  mantle 
xenoliths  were  summarized  by  Spetsius  (1995b)  and  are  as  follows:  (1)  sharp  boundaries 
between  zones  having  different  nitrogen  content  and  aggregations  stages  in  some  diamonds; 
(2)  big  variation  and  difference  in  carbon  isotope  composition  of  inner  and  outer  parts  of 
crystals;  (3)  abundance  of  sulfides  as  inclusions  in  diamonds  and  heterogeneity  of  sulphur 
isotope  compositions;  (4)  regularities  of  inclusions  distribution  in  volume  of  crystals;  (5) 
finding  of  combined  associations  of  eclogitic  and  peridotitic  paragenesis  inclusions  in  one 
crystal. 

Observation  of  diamonds  in  separate  eclogites  shows  that  there  are  some  differences  not  only 
in  their  size  but  and  in  other  characteristics:  i)  macrodiamonds  in  some  cases  are  distributed 
parallel  to  direction  of  stress  deformation  and  they  have  traces  of  plastic  deformation;  ii) 
macrodiamonds  contain  inclusions  of  silicate  minerals  more  often  than  microdiamonds;  iii) 
macro-  and  microdiamonds  can  be  different  in  their  colour,  morphology  and  physical 
properties.  A  distinct  evidence  that  part  of  diamonds  in  eclogites  originate  after  formation  of 
their  major  minerals  provide  such  features:  a)  distribution  of  diamonds  around  large  grains  of 
garnet,  b)  relationship  of  diamonds  location  with  zones  of  the  rock  deformation;  c)  correlation 
between  the  availability  of  diamonds  and  the  intensity  of  partial  melting  of  samples. 

The  multistage  formation  of  diamonds  in  kimberlites,  petrographic  study  of  eclogite  xenoliths, 
mineralogy  and  other  properties  of  diamonds  from  eclogites  (Spetsius,  1995a)  allow  to 
conclude  about  at  least  two  stages  of  diamond  growth  in  eclogites  from  the  Udachnaya  and 
other  pipes  of  central  part  of  Yakutian  kimberlite  province. 

The  diamonds  of  the  first  generation  include  the  octahedron  and  dodecahedron  crystals  or  their 
combination.  They  are  crystallized  simultaneously  with  rockforming  minerals  of  eclogites  in 
near-equilibrium  and  stable  PT-conditions.  In  separate  xenoliths  these  diamonds  show  a 
complicated  history:  they  are  resorbed  or  sometimes  plastically  deformed.  Morphology, 
surface  features,  inner  structures  (Bulanova,  1995;  Sunagava,  1984)  and  other  properties  of 
such  crystals  allow  to  conclude  that  the  first  generation  diamonds  are  formed  by  the  spiral 
mechanism  and  more  likely  that  they  grow  in  sulfide-silicate  liquid  or  solution  which  was 
weakly  supersaturated  in  carbon. 

The  diamonds  of  the  second  generation  are  mostly  octahedral  microdiamonds,  cubes  or  coated 
diamonds.  Some  crystals  have  a  rather  obvious  features  of  hopper  and  skeleton  growth  and 
they  captured  the  secondary  mineral  phases  of  eclogites  as  inclusions.  These  features  and  other 
petrographic  evidences  suggest  that  part  of  diamonds  in  eclogites  grew  simultaneously  with 
the  metasomatic  minerals.  They  have  formed  in  unstable  and  non-equilibrium  conditions 
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sometimes  by  abnormal  mechanism  of  growth  under  conditions  with  a  high  degree  of  carbon 
supersaturation.  Diamonds  were  grown  in  a  sulfide-silicate  melt  rich  in  fluid  or  probably  in 
some  cases  have  crystallized  from  fluid.  Such  conditions  may  be  realized  by  partial  melting  of 
eclogite  xenoliths. 

The  melting  process  in  eclogites  can  be  initiated  by  a  temperature  increase,  pressure  decrease, 
or  by  the  pervasive  infiltration  of  fluid  phases,  such  as  water  and/or  C02.  There  are  some 
evidences  that  these  two  last  factors  were  responsible  for  the  partial  melting  of  eclogites.  A 
number  of  facts  show  that  by  the  crystallization  of  diamonds  the  sulfides  were  present  together 
with  the  silicates  in  melt.  The  mechanism  of  diamond  growth  should  be  discussed  in  a 
complex  sulfide-silicate  system  where  the  transition  metals  may  catalyze  the  crystallization 
process.  The  sulfide  melt  remains  as  a  liquid  by  rather  less  temperature  than  silicate  and 
sulfides  reduce  the  beginning-of-melting  and  diamond  growth  temperatures  in  eclogites. 
Conclusion 

Petrologic  evidence  and  observation  of  eclogite  xenoliths  from  the  pipes  of  central  part  of 
Yakutian  kimberlite  province  suggest  about  two  disconnected  in  time  generations  of  diamonds 
in  eclogites  different  in  PT-conditions  and  environment  of  their  origin. 

First  generation  of  diamonds  in  eclogites  is  presented  usually  by  octahedral  macrodiamonds 
with  rare  inclusions.  The  crystallization  of  these  diamonds  took  place  in  stable  PT-conditions 
of  upper  mantle  from  sulfide-silicate  liquid  or  solution. 

Second  generation  of  diamonds  is  presented  by  octahedral  microdiamonds,  cubic  or  coated 
crystals.  It  is  noteworthy  metastable  growth  of  crystals.  Obvious  connection  of  these  diamonds 
growth  with  partial  melting  or  metasomatic  processes  is  observed.  The  growth  of  the  second 
generation  diamonds  took  place  in  low  and  metastable  PT-conditions.  The  crystallization  had 
origin  in  sulfide-silicate  fluid-rich  melt  or  in  fluid. 
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Introduction 

Our  long-term  experience  of  treatment  of  kimberlite  ores  from  various  pipes  has  shown  that 
floatability  qualities  and  other  properties  of  diamonds  from  various  ores  is  not  identical 
(Spetsius,  1996).  Basically,  it  is  possible  to  recognize  two  groups  of  kimberlite  ores  by 
floatability.  Kimberlites  from  pipes:  Sytykanskaya,  Yubileinaya,  Intematsionalnaya,  Zamitsa, 
and  top  horizons  of  Udachnaya  pipe  are  poorly  floated.  Diamonds  float  good  when  processing 
ores  from  deep  levels  of  the  Udachnaya  pipe  (approximately  from  50  m  and  lower),  deep 
levels  of  Mir  and  Aikhal  pipes,  ores  of  Arkhangelsk  province  -  Lomonosovskaja  and 
Karpinskaja  pipes.  On  the  basis  of  the  comparison  of  kimberlite  ores  with  various  floatability 
an  attempt  is  undertaken  to  reveal  distinctions  in  material  composition  of  poorly  and  well 
floating  kimberlites. 

Discussion 

The  basic  feature  of  the  composition  of  all  poorly  floating  kimberlite  ores  is  their  significant 
alteration  by  secondary  processes,  which  are  evidenced  by  intensive  serpentinization  and 
carbonatization  of  kimberlites,  and  also  by  development  of  a  number  of  secondary 
hydrothermal  minerals.  At  present,  vertical  zonality  of  kimberlite  pipes  on  an  example  of  the 
Udachnaya  and  others  is  rather  reliably  determined  (Marshintsev,  1986;  Zinchuk  at  al.,  1993; 
Spetsius,  1996),  showing  with  depth  a  decrease  in  intensity  of  metasomatic  and  hydrothermal 
alteration  processes,  that  is  reflected  both  on  the  petro-  and  geochemistry  and  on  the  mineral 
composition  of  rocks. 

The  upper  parts  of  all  the  above-mentioned  pipes  with  poorly  floatable  ores  are  subject  to 
hypergene  alterations  and  are  characterized  by  the  presence  of  a  crust  of  weathering  about  50 
m  down  from  a  surface,  in  which  hydrothermal  and  even  clayey  minerals  like  montmorillonite 
evolved.  Free  quartz  and  chalcedony,  hydroxides  of  iron  -  hematite,  goethite,  and  also  a 
number  of  sulfides  and  sulfates  (Zinchuk  at  al.,  1993)  have  been  revealed  in  the  upper,  touched 
by  weathering,  parts  of  the  pipes  Mir,  Udachnaya  and  Aykhal.  On  the  whole,  it  is  possible  to 
speak  about  wide  prevalence  of  minerals  from  the  group  of  oxides  and  hydroxides  in  the  upper 
level  of  almost  all  of  kimberlite  pipes  and  about  the  oxidized  composition  of  ores,  changing 
with  depth  with  the  more  reduced  paragenetic  association  of  minerals. 

According  to  the  results  of  recalculation  of  major  chemical  analyses,  petrographic  surveys  data 
and  semiquantitative  X-ray  diffraction  analyses,  the  main  components  of  kimberlite  ores  in 
Mir,  Udachnaya  and  other  pipes  are  serpentine  and  calcite,  which  together  make  80-90%  of 
volume,  with  their  content  being  rather  stable  with  depth,  while  the  serpentine  content  slightly 
decreases  downwards  through  the  Udachnaya  pipe  (Zinchuk  at  al.,  1993).  Calcite  prevails  in 
the  bulk  of  kimberlite  of  Sytykanskaya  pipe  up  to  depth  of  200  m,  only  in  the  lower  parts  of 
this  pipe  the  serpentine  content  grows.  For  all  ores  of  the  upper  levels  of  kimberlite  pipes  the 
presence  of  phlogopite  and  chlorite  is  the  distinctive  characteristics,  their  amount  in  the  sum 
makes  about  10%,  the  content  of  these  minerals  is  interdependent.  The  chlorite  content  with 
depth  is  systematically  decreased,  and  this  regularity  is  a  distinctive  characteristic  of  all 
kimberlite  pipes. 
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Essential  component  of  all  kimberlite  ores  is  a  constantly  significant  amount  of  fragments  of 
host  sedimentary  rocks,  represented  by  limestones,  marls  and  other  differences,  the  amounts  of 
which  are  also  reduced  downwards  within  the  pipes.  For  example,  at  the  upper  levels  of 
Udachnaya  pipe  (295-250  m  level)  they  amounted  to  more  than  20%  by  volume,  at  the  level  of 
190  m  -  15%  by  volume,  and  at  the  level  of  -65  m  there  were  only  about  15%  .  At  the  same 
time,  according  to  the  results  of  industrial  experiments  and  laboratory  tests,  limestones  and, 
especially,  the  dolomites  from  the  host  sedimentary  rocks  of  Udachnaya  pipe  are  good  natural 
suppressers. 

The  chemistry  of  kimberlite  rocks  with  different  floatability  is  also  different.  In  particular, 
rather  regular  change  of  chemistry  with  depth  is  defined  for  Udachnaya  pipe  on  the 
comparative  analysis  data  from  five  key  levels.  On  the  background  of  an  increase  in  general 
magnesianity  there  is  a  decrease  in  content  of  calcium  and  iron  oxides,  and  also  carbon  dioxide 
(Zinchuk  at  al.,  1993).  Downwards  within  a  pipe,  a  change  of  silica-aluminous  compositions 
on  magnesian  and  ferrous  ones  is  observed.  By  their  major  element  chemistry  the  more  altered 
kimberlites,  in  particular,  of  western  body  and  upper  levels  of  Udachnaya  pipe  are 
characterized  by  an  increasing  in  contents  of  CaO,  AI2O3,  K2O  and  CO2,  and  the  ores  of 
deeper  levels  and  east  body  of  the  pipe  differ  by  an  increased  content  of  MgO,  FeO  and  Ti02. 
Also  with  depth,  distinctions  in  concentration  of  microimpurities  of  Ni,  Co,  Cr  and  V  are 
registered. 

At  the  moment,  it  is  possible  to  speak  with  certainty  only  about  one  pipe  -  Udachnaya  -  where 
a  change  in  the  floatability  of  ores  is  fixed:  from  poorly  floatable  in  the  upper  part  up  to  depth 
of  100-120  m  and  well  floatable  at  the  deeper  levels.  It  is  necessary  to  emphasize,  that  at  the 
level  of  about  100  m,  practically  there  were  not  registered  any  noticeable  changes  in  the 
kimberlite  types  or  in  their  mineral  composition.  However,  at  this  level  there  was  an  essential 
decrease  in  content  of  secondary  minerals,  in  particular,  barite,  celestine,  strontianite, 
thochilinite,  quartz,  and  vein  calcite.  Approximately  at  the  same  level  it  is  fixed,  that  in  the 
most  kimberlite  composition  of  the  given  pipe  a  decrease  in  phlogopite  and  chlorite  content 
was  observed,  and  also  perovskite  has  become  to  prevail  instead  of  widely  spread  ore  pyrite 
and  magnetite  in  the  basic  and  binding  mass  of  kimberlites.  Naturally,  the  fresh  olivine  content 
has  increased  with  depth  through  the  whole  pipe  and,  especially,  in  its  western  body. 

For  the  comparative  analysis,  it  is  interesting  to  compare  material  composition  of  kimberlite 
rocks  of  Yakutian  province  with  those  of  Arkhangelsk  province,  in  which,  according  to 
sampling  of  kimberlites  of  some  pipes  at  the  experimental  Plant,  the  process  of  flotation  has 
good  indications.  As  all  pipes  of  the  latter  province  are  also  very  intensively  altered  and  their 
upper  parts  are  represented  by  strongly  weathered  differences,  it  is  possible  to  declare,  that  the 
basic  difference  between  them  and  strongly  altered  kimberlite  ores  in  Yakutia  with  poor 
floatability  can  be  reduced  to  the  following  major  factors:  1)  evolution  of  saponite  instead  of 
serpentine,  as  the  basic  secondary  mineral;  2)  highly  magnesian  compositions  of  rocks;  3) 
various  compositions  of  xenogenous  fragments  of  host  sedimentary  rocks,  represented  first  of 
all  by  quartz-feldspar  rocks:  sandstones,  aleurolites  and  argillites. 

The  final  estimation  of  one  major  or  probably  several  interdependent  factors,  determining 
floatation  characteristics  of  kimberlite  ores,  requires  additional  special  laboratory  experiments. 
As  the  tests  conducted  in  1977-80  on  the  emulsifiability  and  floatation  characteristics  of  the 
basic  secondary  minerals  of  kimberlites  of  the  Udachnaya  pipe,  have  not  revealed  reliable 
regularities.  Laboratory  experiments,  begun  at  the  end  of  the  last  years  on  floatability  of 
diamonds  with  the  use  of  ore  extracts  from  a  thoroughly  studied  drill  cores  from  deep  levels  of 
the  Aykhal  pipe,  have  not  shown  yet  any  regular  dependence  on  their  elemental  composition. 
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Conclusions 

Thus,  generalizing  distinctions  in  material  composition  of  the  well  and  poorly  floatable 
kimberlite  ores,  it  is  possible  to  note  that  poorly  floatable  kimberlites  are  characterized  with 
the  strong  alterations,  saturation  with  fragments  of  sedimentary  rocks,  first  of  all  carbonaceous, 
intensive  carbonatization  and  serpentinization,  presence  of  a  large  number  of  secondary 
minerals.  Presence  of  pyrite  in  the  bulk  of  rocks  and  oxidated  composition  of  ores  are  also 
characteristic. 

Analysis  of  these  peculiarities  and  relationship  with  dresseability  of  ores  by  flotation  allowed 
to  conclude  about  connection  the  floatabiblity  of  kimberlites  with  their  composition  and 
divided  two  groups  of  kimberlites. 
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Introduction 

Our  understanding  of  diamond  formation  in  kimberlites  and  diamond  growth  in  the  upper  mantle  still 
remains  nebulous.  Isotopic  investigations  of  peridotitic  garnet  inclusions  in  diamonds  from  South 
Africa  were  interpreted  to  reflect  diamond  growth  in  the  Archean  (~3.2  Ga  ago),  whereas  a  similar 
investigation  of  the  eclogitic  garnet  and  omphacite  inclusions  suggested  that  these  are  considerably 
younger,  and  may  have  even  formed  close  to  the  time  of  kimberlite  eruption  (Richardson  et  al., 
1993).  In  rare  instances,  diamonds  extracted  from  mantle  xenoliths  contain  silicate  inclusions  whose 
composition  can  be  compared  to  minerals  in  the  host  xenolith  in  order  to  constrain  the  history  both  of 
the  diamond  and  rock  in  the  upper  mantle.  The  differences  in  trace  element  abundance  between 
included  in  diamonds  and  rockforming  minerals,  have  been  interpreted  as  being  due  to  metasomatic 
enrichment  of  the  rock  after  diamond  growth  (Ireland  et  al.,  1994)  or  depletion  of  the  rock  by  partial 
melting  (Taylor  et  al.,  1996).  In  both  cases,  it  is  clear  that  the  inclusions  record  the  complicated 
history  both  of  the  diamond  and  rock  overprinted  by  later  events.  Additionally,  there  are  some 
petrographic  and  other  data  for  a  late  and  multistage  formation  of  diamonds  in  eclogite  xenoliths  that 
most  probably  is  connected  with  processes  of  partial  melting  and  mantle  metasomatism  (Spetsius, 
1995). 

Samples  and  Methodology 

Although  the  diamondiferous  xenoliths  from  kimberlites  are  investigated  most  data  are  from  the  rocks 
or  the  diamonds  separately.  We  have  used  a  general  approach  to  characterizing  the  conditions  of 
diamond  formation  based  on  studying  diamonds  in  situ  in  xenoliths.  In  order  to  evaluate  the 
relationship  of  diamond  formation  with  metasomatic  processes  15  samples  of  diamondiferous 
eclogites  from  kimberlite  pipe  Udachnaya  have  been  investigated.  Most  xenoliths  were  bimineral 
eclogites  of  ferrous  and  magnesian  series,  two  samples  of  Gt-pyroxenite  and  three  were  Ky-eclogites. 
Samples  were  sawn  in  to  slabs  containing  exposed  diamonds  and  polished.  One  or  more  polished 
sections  and  plates  were  made  from  each  samples.  After  that  the  rock-forming  garnet  and 
clinopyroxene  were  analysed  together  with  a  range  of  secondary  phases  surrounding  the  diamond. 
They  were  imaged  and  analysed  using  a  JEOL  6400  SEM  with  quantitative  EDS  at  the  Centre  for 
Microscopy  and  Microanalysis  of  the  University  of  Western  Australia. 

Results 

The  rock-forming  garnets  have  a  wide  variation  in  Ca,  Mg  and  Fe  content,  dependent  on  the  type  of 
eclogites.  Primary  clinopyroxenes  have  a  wide  variations  in  Na20  and  CaO.  In  some  samples 
clinopyroxene  is  absent  or  totally  replaced  by  secondary  phases.  Three  different  association  of 
secondary  minerals  or  stages  of  metasomatic  processes  and  partial  melting  have  been  distinguished  in 
the  phases  surrounding  diamond.  The  first  stage  is  fixed  partial  melting  of  primary  clinopyroxene 
and  replacement  of  omphacite  by  less  sodium  pyroxene  and  glass  (Fig.  la).  We  call  such  process 
amorphitization.  In  rare  cases  some  grains  of  garnets  have  also  undergone  such  amorphitization  . 
The  second  stage  of  partial  melting  is  displayed  by  growth  of  a  more  aluminous  pyroxene,  spinel, 
phlogopite,  plagioclase,  and  occasionally  amphibole  (Fig.  lb).  In  some  cases  between  these  phases  a 
high  sodium  pyroxene  (Na20  ~10  wt.%,  Fig.lc)  is  present,  but  in  comparison  with  primary 
omphacite  this  pyroxene  contain  less  Al  and  Ca  and  high  content  of  Fe  and  corresponds  to  an  aegerine 
component.  Additional  phases  including  carbonate,  apatite,  sulfide  and  others  are  abundant  in  some 
xenoliths  especially  in  veins,  but  mostly  they  resemble  a  late  stage  of  alteration  (including  part  of 
sulfides)  and  probably  are  connected  with  interaction  of  protokimberlite  fluids. 
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Discussion 

The  recalculation  of  temperature  of  equilibration  of  rockforming  garnets  and  omphacites  investigated 
samples  using  a  standard  geothermometer  (Ai,  1995)  gives  the  temperatures  of  formation  of  eclogites 
in  the  range  1100-1400  deg  C.  Secondary  pyroxenes  of  different  associations,  assumed  to  be  in 
equilibrium  with  primary  garnet,  suggest  the  T-conditions  of  first  stage  of  partial  melting  to  be  1200- 
1000  deg  C  and  the  variable  data  for  the  second  stage  is  mostly  near  1000  deg  C.  It  is  possible  to 
state  that  partial  melting  processes  took  place  under  a  range  of  T-conditions.  It  is  clear  that  the 
processes  of  metasomatism  and  partial  melting  must  include  a  fluid  agent.  The  high  content  of  K20 
in  glasses  and  the  amorphozed  primary  omphacite  and  between  minerals  of  partial  melting  products 
indicate  considerable  fluid  interaction.  This  is  confirmed  by  a  rather  widespread  distribution  of 
phlogopite,  eg  occurring  with  crystallized  minerals  of  partial  melting  products  and  sometimes  between 
phases  within  diamonds.  Much  data  thus  suggest  that  fluids  play  an  important  role  in  initiating  the 
partial  melting  of  eclogites  and  perhaps  the  metasomatic  growth  of  diamonds.  As  was  shown 
(Spetsius,  1995)  crystals  of  diamonds  in  most  mantle  xenoliths  are  usually  found  between  grains  of 
primary  minerals  and  usually  are  surrounded  by  rims  of  secondary  minerals  (Fig.l).  Sometimes 
diamonds  occur  in  altered  clinopyroxene,  where  they  probably  grow  simultaneously  with  this 
replacement.  In  some  xenoliths  diamonds  on  polished  surface  of  samples  are  filled  by  secondary 
minerals  which  looks  like  inclusions.  The  crystals  of  diamonds  can  have  unusual  forms  of  growth,  eg 
as  a  hopper  crystals  which  contain  inside  partially  melted  and  replaced  clynopyroxenes  (Fig. Id). 
Some  diamonds  have  a  rather  obvious  features  of  skeleton  growth  and  they  include  a  secondary 
pyroxene  as  inclusions  or  secondary  phases  fill  some  cracks.  Additionally,  there  are  present  such 
forms  of  crystals  which  looks  like  coated  and  caselike  diamonds.  These  features  and  other 
petrographic  evidences  suggest  that  some  diamonds  in  eclogites  grew  simultaneously  with  the 
metasomatic  minerals.  They  have  formed  in  non-equilibrium  metastable  conditions  most  probably  by 
an  abnormal  mechanism.  The  diamonds  were  grown  in  a  melt  rich  in  fluid  or  probably  in  some  cases 
have  crystallized  from  fluid.  Such  conditions  may  be  realized  by  partial  melting  of  eclogite  xenoliths. 
Complex  forms,  the  fine  structures  and  zonality  of  crystals  observed  by  cathodoluminescence  of 
most  diamonds  (Fig.  1 )  confirm  their  multistage  formation  in  the  eclogite  xenoliths  on  different  stages 
of  metasomatism.  Metasomatism  occur  under  a  broad  spectrum  of  PT-conditions,  and  with  a  range 
of  chemistries  of  both  the  original  rocks  and  metasomatic  fluids/vapors. 

Conclusion 

The  special  preparation  of  plates  from  xenoliths  with  diamonds  in  situ  has  allowed  the  collection  of 
valuable  data  about  distribution  of  diamonds  in  eclogites  and  their  environment.  Petrographic  and 
mineralogic  observations  strongly  suggest  (intimate)  that  diamonds  can  grow  during  different  stages 
of  metasomatism  and  partial  melting  and  this  is  further  demonstrated  by  the  multistage  formation  of 
diamonds  in  eclogites.  Mineral  compositions  of  different  secondary  phases  and  comparison  with 
experimental  data  suggest  that  these  metasomatic  and  partial  melting  events  took  place  at  decreasing 
pressure  and  different  fluctuating  PT-conditions,  usually  less  than  the  temperatures  of  equilibration  of 
rockforming  minerals. 
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Figure  1.  (a)  diamond  in  recrystaliized  clinopyroxene  (at  top  right  is  a  primary  cpx 
relict),  sample  Ud-189,  BSE,  (b)  two  diamond  crystals  in  products  of  partial  melting 
(Px+Sp+glass),  Gt  with  kelyphite  on  bottom  right ,  sample  Ud-24,  BSE+Cl.  (c)  three 
slightly  zoned  diamonds  in  partial  melting  products,  extend  needles  of  highsodium 
pyroxene  are  present  between  two  diamonds,  sample  Ud-24, BSE+CL.  (d)  zoned  crystal 
of  hopper  diamond  with  captured  secondary  phases,  sample  Ud-45,  BSE+CL. 

(e)  zoned  diamond  in  recrystaliized  pyroxene  with  glass,  sample  Ud-28,  BSE+CL. 

(f)  zoned  diamond  in  partly  recrystaliized  clinopyroxene,  surrounded  by  vein  secondary 

pyroxene  and  sulfide,  sample  U-759,  BSE+CL.  All  scale  bars  =100  microns 
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Trace  elements  have  been  determined  by  ICP-MS  in  garnet  and  their  kelyphitic  rims  in  garnet 
peridotites  from  the  Udachnaya  kimberlite  pipe.  Comparison  of  these  data  with  the  trace  element 
patterns  of  kimberlites  shows  significant  differences  in  REE  distribution  and  suggest  a  deep  origin 
for  the  kelyphitization. 

Introduction 

Kelyphitic  rims  are  widespread  on  grains  of  garnet  in  kimberlites  and  mantle  xenoliths  from 
kimberlite  pipes  in  Yakutia  and  South  Africa.  Usually  they  consist  of  a  mixture  of  secondary 
minerals  such  as  phlogopite,  spinel,  clino-  and  orthopyroxene.  Some  rims  are  complicated 
especially  on  grains  of  garnets  in  kimberlites  and  consist  of  two  or  more  zones  with  different 
composition.  In  xenoliths  of  garnet  peridotite  from  Udachnaya  pipe,  garnets  are  mantled  by 
coronas  of  phlogopite,  spinel  and  secondary  pyroxenes.  While  major  and  trace  element  zoning  in 
garnet  are  explained  as  a  result  of  metasomatic  processes  at  depth  (Griffin  et  al.,  1989),  the 
formation  of  kelyphites  around  garnets  usually  is  linked  to  interaction  between  garnet  and 
ascending  kimberlitic  magma.  To  test  this  idea,  trace  element  analysis  has  been  undertaken  on 
chemically  homogeneous  garnet  grains  with  sharp  kelyphitic  rims  more  than  300-500  Jim  thick,  in 
two  peridotite  xenoliths  from  Udachnaya  kimberlite  pipe  (Spetsius,  1995):  U- 140/78  (sheared  Gt  - 
lherzolite)  and  U-2292  (mosaic-porphyroclastic  Gt  -  harzburgite).  Trace  elements  were  measured 
by  laser-ablation  ICP-MS  at  Maquarie  University,  with  NIST  610  glass  as  external  standard  and 
Ca  as  internal  standard;  pit  diameters  were  40  |Ltm. 

Results  and  discussion 

Observations  in  thin-section  show  no  notable  interaction  between  peridotite  xenoliths  and 
kimberlite  melt.  There  are  no  obvious  relationship  of  the  thickness  of  kelyphitic  rims  with  the  size 
of  xenoliths  or  any  increase  in  thickness  in  the  outer  parts  of  samples.  In  areas  where  kimberlite  is 
in  contact  with  the  minerals  of  the  outer  zone,  there  is  a  sharp  border  between  garnet  grains  and 
kimberlite  minerals.  As  was  shown  by  Vishnevsky  (1991)  kelyphitic  rims  on  garnet  in  xenoliths 
usually  represent  a  mixture  of  minerals:  01  +  Sp  +  Cpx  ±  Opx  ±  Phi.  The  same  paragenesis  is 
observed  in  our  samples.  Significant  variations  between  core  and  rim  in  major  and  trace  element 
composition  were  not  observed  in  tested  garnets  from  all  samples.  This  suggests  complete 
reequilibration  during  ductile  shearing  in  the  mantle. 

The  REE  compositions  of  the  investigated  garnets  are  similar,  but  2292  shows  enrichment 
in  MREE,  while  140  does  not  (Fig.  1).  The  kelyphites  in  the  two  samples  have  trace-element 
patterns  different  from  one  another,  but  essentially  identical  to  their  host  garnet,  except  for 
enrichment  in  Sr.  The  REE  patterns  are  significantly  flatter  than  would  be  expected  from 
equilibration  with  kimberlite  magma  (Hoal  et  al.,  1994).  The  very  high  Sr  contents  probably  reside 
in  secondary  clinopyroxene,  and  locally  high  Ba  (not  shown)  in  secondary  phlogopite.  Otherwise, 
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the  similarity  between  garnet  and  kelyphite  analyses  suggests  that  kelyphitization  has  not 
involved  extensive  exchange  with  a  metasomatic  medium. 

Two  models  can  be  proposed  to  explain  the  petrographic  features  and  trace  element 
patterns  of  the  kelyphites. 

1.  PT-estimates  for  the  kelyphite  overprint,  using  secondary  minerals  within  coronas  (Vishnevsky, 
1991;  Franz  et  al.,  1995)  indicate  temperatures  of  1100-1250  °C  and  pressures  of  about  20  kb. 
These  data  suggest  that  kelyphitisation  has  occurred  under  upper  mantle  conditions.  According  to 
Franz  et  al.  (1995),  in  xenoliths  from  the  Gibeon  kimberlite  these  metasomatic  processes  have 
occurred  within  a  magma  chamber  located  close  to  the  boundary  between  upper  mantle  and  lower 
crust. 

2.  We  propose  an  alternative  explanation  based  in  particular  on  trace  element  data  and  some 
petrographic  evidence.  We  emphasise  that  the  trace  element  patterns  of  the  kelyphite  are  not 
related  to  the  kimberlitic  magma,  but  resemble  those  of  the  garnet  being  replaced  (Fig.  1),  with 
addition  of  Sr,  K  and  probably  Ba;  HFSE  such  as  Zr,  Hf,  Ti  and  Nb,  and  the  REE,  were  not 
affected.  Experimental  trace  element  partitioning  data  (Brenan  et  al.,  1995)  indicate  that  at  high 
pressure  many  of  these  trace  elements  do  not  partition  into  hydrous  fluids  to  the  same  degree  as 
into  carbonatitic  and  silicate  melts.  This  suggests  that  kelyphitization  of  garnet  was  not  a  result  of 
interaction  with  silicate  melt  or  carbonate-rich  fluid,  and  that  hydrous  fluids  play  a  more  important 
role  in  formation  of  kelyphite  on  garnets  (at  this  stage  of  mantle  metasomatism).  The  fine  grain 
size  of  kelyphite  implies  that  the  metasomatic  processes  which  caused  replacement  of  garnet  were 
short-lived  and  probably  were  active  not  long  before  eruption  of  kimberlites,  but  the  eruption 
process  is  very  rapid.  We  therefore  suggest  that  kelyphite  formed  in  response  to  the  infiltration  of 
hydrous  fluids,  prior  to  eruption.  The  source  and  precise  nature  of  the  metasomatic  fluids  remains 
problematic,  but  we  speculate  that  they  were  related  to  a  protokimberlitic  magma. 

Conclusion 

Garnet  peridotite  xenoliths  from  kimberlite  pipe  Udachnaya  provide  spectacular  evidence 
of  the  metasomatic  kelyphitization  of  garnets.  Petrographic  features,  mineral  associations  and 
trace  element  patterns  in  kelyphites  and  garnet  relicts  suggest  that  these  processes  took  place 
under  upper  mantle  conditions  in  the  presence  of  water-rich  fluids.  Most  probably,  this  stage  of 
metasomatism  was  caused  by  protokimberlitic  fluids  shortly  before  eruption  of  kimberlites. 

References 

Brenan,  J.M.,  Shaw,  H.F.,  Ryerson,  F.J.,  and  Phinney,  D.L.,  1995,  Mineral-aqueous  fluid  partitioning  of  trace 
elements  at  900°C  and  2Gpa:  constraints  on  the  trace  element  chemistry  of  mantle  and  deep  crustal  fluids, 
Geochim.Cosmochim  Acta  55,  2203-2214. 

Franz,  L.,  Brey,  G.P.,  and  Okrusch  M.,  1995.  Metasomatic  reequilibration  of  mantle  xenoliths  from  the  Gibeon 
kimberlite  province  (Namibia),  Ext.  Abstr.,  Sixth  Intern.  Kimberlite  Conf.,  169-171. 

Hoal,  K.E.O.,  Hoal,  B.G.,  Erlank,  A.J.,  Shimizu,  N.,  1994,  Metasomatism  in  the  mantle  lithosphere  recorded  by 
rare  earth  elements  in  garnets,  Earth  Planet.  Sci.  Lett.,  126,  303-313. 

Spetsius,  Z.  V,  1995,  Occurrence  of  diamond  in  the  mantle:  a  case  study  from  the  Siberian  Platform,  J.  Geochem. 
Expl  or.,  53,  p.  25-39. 

Vischnevsky,  A. A.,  1991,  Kelyphites  on  garnets  in  mantle  xenoliths  and  kimberlites:  compositions,  genesis, 
petrological  implications,  Ext.  Abst.,  Fifth  Intern.  Kimb.  Conf.,  571-572. 


854 


sample/chondrites 


Udachnaya  Garnets  and  Kelyphites 


Figure  1 .  Chondrite-normalised  trace  element  patterns  for  garnets  and  kelyphites  in  sheared  garnet 
peridotite  xenoliths  U 140/78  and  U-2292  from  the  Udachnaya  kimberlite,  Yakutia. 
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Introduction. 

Knowledge  of  trace  element  distributions  in  mineral  phases  from  mantle  eclogites,  which  is 
one  of  the  principal  lithologies  in  which  diamonds  occur,  are  useful  in  deciphering  their 
complicated  history  and  evolution  (e.g.,  Ireland  at  al.,  1994;  Taylor  at  al.,  1997).  There  are 
two  principle  targets  of  our  investigation:  1)  the  study  of  REE  abundance  in  primary  rock¬ 
forming  minerals  of  eclogite  xenoliths  from  the  Udachnaya  pipe  with  particular  attention  to 
differences  between  diamondiferous  and  barren  eclogites;  and  2)  the  study  of  the  major  and 
trace  element  composition  of  second  generation  minerals  which  often  surround  diamond 
grains  in  eclogite  xenoliths.  Such  a  study  can  provide  important  information  on  the  chemical 
environment  of  mantle  eclogites  including  the  nature  of  the  original  eclogite  protolith  and 
subsequent  events  that  may  have  affected  the  eclogite  including  partial  melting,  diamond 
formation,  metasomatic  overprinting,  and  in  some  cases  late-stage  processes  which  have 
caused  growth  of  second-generation  minerals,  including  diamond  (Spetsius,  1995). 

Samples 

The  trace  element  composition  of  minerals  from  a  suite  of  24  mantle  eclogites  and  related 
xenoliths  from  the  Udachnaya  pipe  have  been  investigated.  Five  of  the  samples  are  non¬ 
diamond-bearing  bimineralic  eclogites  or  kyanite  eclogites.  The  remaining  xenoliths  are  all 
diamondiferous  and  include  mostly  bimineralic  eclogites  with  one  garnet  clinopyroxenite 
and  two  garnetites  (Cpx  content  <1%).  Bimineralic  eclogites  include  Fe-rich  and  Mg-rich 
varieties  (Spetsius,  1995).  Trace  elements  have  been  measured  by  laser  ablation  ICPMS 
(LAM)  at  RSES,  Canberra.  Core  and  rim  analyses  of  garnet  grains  show  that  they  are 
generally  homogeneous  in  both  major  and  trace  elements.  For  some  xenoliths,  trace 
elements  abundances  in  kyanite,  phlogopite,  rutile  and  second  generation  clinopyroxene 
were  also  investigated.  In  metasomatized  and  partially  melted  xenoliths  the  fresh  relicts  of 
primary  Gnt  and  Cpx  were  chosen  for  analysis. 

Results  and  Discussion 

Garnet:  The  chondrite-normalized  REE  patterns  of  Gnt  usually  has  a  convex  upward  shape 
and  may  vary  from  slightly  to  strongly  enriched  in  LREE.  On  the  basis  of  the  REE  patterns, 
three  different  types  of  Gnt  can  be  distinguished.  Type-1:  a  ‘normal’  group  with  convex 
upward  REE  pattern  and  steadily  increasing  HREE  abundances  from  Dy  to  Lu  (Figs  1,4); 
Type-2:  a  ‘HREE-depleted’  group  in  which  the  HREE  show  no  marked  increase  from  Dy  to 
Lu  (Fig.  2);  and  Type-3:  an  ‘Eu-anomalous  group’  in  which  there  is  a  small  positive  Eu 
anomaly  and  a  generally  flat  or  slightly  decreasing  HREE  pattern  (Fig.  3).  With  the 
exception  of  Gnt  from  sample  Ud-220  which  is  rich  in  trace  elements,  the  content  of  most 
REE  in  Gnt  is  similar. 

Clinopyroxene:  Cpx  is  characterised  by  high  LREE  abundances  relative  to  the  HREE  with 
chondrite  normalized  patterns  generally  peaking  at  Ce,  Pr  or  Nd.  Overall  REE  patterns  are 
generally  complementary  to  those  of  coexisting  garnet,  e.g.  Cpx  coexisting  with  Type-2 
garnet  is  HREE  depleted  (Fig.  2)  and  Cpx  coexisting  with  Type-3  garnet  has  a  positive  Eu- 
anomaly  (Fig.  3).  In  the  type-3  case,  the  Eu  anomalies  are  probably  inherited  from  a 
plagioclase-accumulative  precursor  rock,  e.g.  an  original  gabbro.  Wide  variations  in  Sr 
content  are  found  in  clinopyroxene;  Sr  content  generally  correlates  with  REE  abundance  in 
eclogites  with  Type-1  and  -2  Gnt  but  is  inversly  correlated  for  eclogites  with  type-3  Gnt 
suggesting  possible  metasomatic  introduction.  Cpx  from  sample  Ud-21 1  differs  from  other 
Cpx  samples  by  enrichment  in  Sr,  Ba  and  middle  REE;  and  Cpx  from  Ud-220  has  high 
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HREE  contents.  Variable  LREE  enrichment  of  primary  Cpx  suggest  widespread  cryptic 
metasomatism  and  this  confirms  the  results  of  petrographic  observation  (Spetsius,  1995). 
Eclogitic  Cpx  from  non-diamondiferous  xenoliths  differs  by  slightly  higher  contents  of 
LREE  (Ce  to  Nd)  and  Sc,  and  by  higher  Ce/Lu  ratios  (Fig.  4)  but  there  are  too  few  samples 
to  provide  a  definitive  distinction. 


Fig.1  Udl 60  Type-1  Fig.2  Ud162  Type-2 


Fig.  3  Udl 37  Type-3  Fig.4  U2260  Type-1  (non-diam.) 


Figures  1-4:  REE  patterns  for  Gnt  and  Cpx  from  diamondiferous  (Figs  1-3)  and  non-diamondiferous 
(Fig.4)  Udachnaya  eclogite  xenoliths  showing  three  distinctive  types. 

In  garnet  pyroxenite  U-759  both  Gt  and  Cpx  differ  in  REE  and  Sr  content  from  those 
minerals  in  the  bimineral  eclogites  suggesting  the  pyroxenite  has  a  rather  different  origin. 
The  second  generation  pyroxenes,  which  were  mostly  captured  as  inclusions  by  diamonds, 
tend  to  be  enriched  in  REE,  Zr,  Pb  and  Th;  they  also  have  a  high  content  of  Hf  and  some  are 
enriched  in  P,  Sr  and  Ba.  Rutiles  were  measured  in  two  samples  and  in  both  cases  they 
contain  very  high  Nb  (>200  ppm)  and  Zr  (>1000  ppm)  and  moderate  Hf  and  Ta.  Phlogopite 
has  high  Ba  (-400  ppm)  and  Nb  (-20  ppm)  contents  and  also  rather  high  Ni  (-500  ppm)  but 
displays  a  depletion  in  all  REE  relative  to  Cpx. 

A  set  of  Cpx  /  Gnt  partition  coefficients  (D)  have  been  calculated  for  the  trace  elements.  The 
order  of  compatibility  with  Cpx  is  Sr  »  Ni  >  Nd  >  V  >  Ta  >  Hf  >  Pb  >  Nb  >  Ga  >  Ti,  Cr  > 
Zr,  Zn  >  Gd  >  Co  >  Sc,  P  >  Y  >  Yb,  Lu.  To  investigate  correlations  of  D  as  a  function  of 
temperature  we  have  used  the  Ellis  and  Green  (1979)  thermometer  to  estimate  the 
equilibration  T  of  Gnt  and  Cpx  pairs.  Temperature,  pressure  and  major-element  mineral 
composition  to  a  large  extent  control  trace  element-partitioning  behaviour  in  the  eclogite 
minerals  (O'Reilly  and  Griffin,  1995).  In  this  study  the  partitioning  of  HREE  and  Y  between 
Gnt  and  Cpx  correlates  with  both  Ca  content  and  Mg#  of  Gnt.  The  partitioning  of  Ga  and  Hf 
shows  a  negative  correlation  with  Gnt  Mg#.  All  D  values  show  very  weak  or  no  dependence 
against  Cpx  Mg#.  The  Cpx-Gnt  partitioning  of  V,  Zr,  Ga  and  especially  Ni  show  negative 
correlations  with  T.  The  D-values  for  elements  such  as  Ti,  Cr,  Y  and  Ga  are  similar  to  those 
determined  by  O’Reilly  and  Griffin  (1995)  for  eclogites  from  South  Africa,  but  differ  for  Sr, 
Zr,  Ni  and  some  others.  The  partitioning  of  most  REE  between  Cpx  and  Gnt  shows  a 
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negative  correlation  with  Na  and  A1  content  or  with  the  Jd  content  of  Cpx.  D-values  for  Ga, 
Cr  and  V  show  positive  correlations  with  the  Jd-component  because  these  elements  subtitute 
as  the  trivalent  ions  and  require  Na  as  a  counter-balancing  cation. 

Conclusions 

Diamondiferous  xenoliths  do  not  seem  to  stand  out  from  the  general  suite  of  eclogite 
xenoliths  either  in  terms  of  their  major  element  chemistry  (Spetsius,  1995)  or  the  abundance 
of  trace  elements  in  Gnt  and  Cpx.  Partition  coefficients  of  REE  and  other  trace  elements 
between  coexisting  Gnt  and  Cpx  are  evidently  influenced  by  major  element  composition  and 
show  P-T  dependence.  The  substitution  of  Sr,  Ba  and  some  other  elements  into  Gnt  and  Cpx 
does  not  appear  to  be  controlled  by  P,  T  or  bulk  composition  of  the  minerals.  These 
observations  indicate  that  some  trace  elements  behave  independently,  supporting  the 
suggestion  of  Spetsius  and  Griffin  (1997)  that  enrichment  or  depletion  of  some  trace 
elements  in  eclogitic  minerals  from  Udachnaya  is  due  to  complicated  metasomatic  and 
partial  melting  events.  Trace  element  abundances  in  secondary  pyroxene  included  in 
diamonds  indicates  that  these  phases  are  enriched  in  many  REE  and  other  incompatible 
elements,  most  probably  as  a  result  of  metasomatism  and  partial  melting.  A  second  phase  of 
diamond  growth  in  some  xenoliths  seems  to  be  linked  to  this  mantle  metasomatic  event. 
REE  abundances  in  coexisting  Gnt  and  Cpx,  and  Cpx/Gt  partition  coefficients  for  some 
trace  elements  in  eclogite  xenoliths  from  Udachnaya  are  similar  to  those  found  by  O’Reilly 
and  Griffin  (1995)  for  eclogites  from  South  Africa,  but  differ  for  Sr,  Zr  and  probably  Ni 
which  suggest  some  distinction  in  the  evolution  of  the  Siberian  and  South  African  mantle. 
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The  Mwadui  kimberlite  pipe  was  emplaced  on  the  Tanzania  Archon  of  the  Central  African  Craton 
(Janse,  1994)  during  the  Eocene  (Gobba,  1991  and  references  therein).  Syngenetic  inclusions  in 
diamonds  from  the  Mwadui  Mine  thus  may  provide  insights  in  the  state  of  the  lithospheric  upper 
mantle  before  the  onset  of  rifting  in  Eastern  Africa  in  the  Miocene  (Dawson,  1992). 

For  the  present  study  an  initial  population  of  several  thousand  diamonds  from  Mwadui  was 
examined  to  select  a  total  of  100  stones  which  then  were  crushed  to  release  representative  mineral 
inclusions.  From  their  mineral  inclusion  content  Mwadui  diamonds  can  be  grouped  into  peridotitic 
(88%),  eclogitic  (2%),  mixed  (low-Ca  pyrope  plus  SiCVphase,  1%)  and  unknown  (sulphides,  native 
iron  and  iron  oxides,  ferropericlase,  dolomite,  9%)  suites.  Inclusion  chemistry  shows  Mwadui 
diamonds  to  reflect  sampling  of  a  lithosphere  with  an  unusually  high  proportion  of  undepleted  or  re¬ 
fertilised  mantle  peridotite.  This  is  documented  mainly  by  the  high  ratio  of  lherzolitic  to  harz- 
burgitic  garnet  inclusions  (1:2,  Fig.l)  as  well  as  by  the  low  Mg-numbers  of  olivines  (about  92,  Fig. 
2)  and  orthopyroxenes  (about  93,  Fig. 2).  High  Ni-contents  in  olivine  (mode  0.40  wt%,  max  0.43 
wt%  NiO)  could  suggest  that  this  fertility  actually  represents  re-enrichment  of  a  previously  depleted 
source.  An  explanation  may  lay  in  the  positive  correlation  of  the  proportion  of  orthopyroxene  and 
the  Ni  contents  in  olivine  from  peridotitic  xenoliths.  Kelemen  and  Hart  (1996)  interpret  this  as  a 
metasomatic  reaction  which  creates  orthopyroxene  at  the  expense  of  olivine  (which  increases  the  Ni 
content  of  the  remaining  olivine).  Metasomatic  enrichment  processes  may  also  be  indicated  by  high 
titanium  contents  in  some  lherzolitic  and  harzburgitic  garnets  (up  to  1.1  wt%  TiC^)  and 
orthopyroxenes  (up  to  0.09  wt%). 

Application  of  geothermometers  based  on  garnet-olivine  (O'Neill  and  Wood,  1979,  O'Neill, 
1980),  gamet-opx  (Harley,  1984,  Brey  and  Kohler,  1990)  and  cpx-opx  (Brey  and  Kohler,  1990) 
equilibria  indicate  that  the  mode  of  equilibration  temperatures  for  Mwadui  diamonds  lies  between 
1050-1150  °C.  However,  the  application  of  various  thermometers  to  the  same  inclusion-pairs 
reveals  evidence  for  common  disequilibrium  between  non-touching  inclusions.  Apparent  high 
temperatures  calculated  for  gamet-opx  and  garnet-olivine  pairs  may  be  attributed  to  diamond 
formation  in  the  course  of  a  metasomatic  enrichment  event  whereby  successive  inclusions  become 


Fig.  1.  Diagram  of  CaO  versus  Cr203  (wt%) 
in  garnet  with  the  Iherzolite  field  (shaded 
area)  as  defined  by  Sobolev  et  al.  (1973). 
The  open  square  refers  to  the  harzburgitic 
garnet  coexisting  with  a  Si02-phase  in¬ 
clusion  (see  text).  Small  open  circles  refer 
to  our  world-wide  inclusion  database  (for 
references  see  Stachel  and  Harris,  1997). 
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Fig. 4.  Histogram  (frequency  in  %)  of  the 
molar  Mg-numbers  of  olivine  and  ortho¬ 
pyroxene  inclusions  from  Mwadui  and  from 
world-wide  sources  (world-wide  inclusion 
data  base:  217  olivines  and  135  ortho¬ 
pyroxenes).  The  unusually  high  proportion  of 
Iherzolitic  inclusions  for  Mwadui  is  well 
displayed  in  generally  low  Mg-numbers, 
relative  to  the  world-wide  database. 


richer  in  Fe.  Further  indications  of  large  variations  in  the  chemical  environment  during  diamond 
growth  may  come  from  the  coexistence  of  a  SiC>2-phase  and  harzburgitic  garnet  in  the  same 
diamond.  An  ultra-deep  (>  400  km)  origin  of  this  paragenesis,  as  suggested  by  Kopylova  et  al. 
(1997),  is  excluded  because  of  the  non-majoritic  nature  of  the  garnet.  However,  localised  extreme 
carbonation  of  mantle  peridotite  could  eventually  also  result  in  the  formation  of  a  free  SiCVphase 
(Wyllie  and  Huang,  1976).  The  additional  observation  of  a  lone  dolomite  inclusion  fits  into  such  a 
scenario  of  high,  localised  CO2  influx. 

In  addition  to  the  standard  peridotitic  mineral  suite  Mwadui  diamonds  contain  a  number  of 
rare  or  unusual  inclusions.  Among  these  is  an  ilmenite  group  inclusion  with  unprecedented  eskolaite 
content  (14.5  mol%)  occurring  together  with  harzburgitic  garnet  and  olivine.  For  upper  mantle 
derived  ilmenites  high  chromium  contents  are  characteristic  for  ilmenite-spinel  (±  rutile) 
assemblages  formed  by  subsolidus  reduction  but  rarely  exceed  10  mol%  Cr203  (Haggerty,  1991).  In 
two  diamonds  magnetite  inclusions  were  observed  with  sub-pm  exsolution  lamellae  of  a  high  silica 
phase  (possibly  fayalite.  Fig.  3).  New  experimental  data  on  the  binary  system  Fe2Si04-Fe304 
(Woodland,  1997)  indicate  that  at  pressures  above  30  kbar  (at  1100  °C)  an  intermediate  spinelloid 
phase  appears.  Assuming  that  the  spinelloid  phase  is  not  restricted  to  Mg-free  systems,  this  result 
excludes  coexistence  of  magnetite  and  olivine  in  the  diamond  stability  field. 

The  presence  of  two  diamonds,  one  containing  inclusions  of  moderately  majoritic  eclogitic 
garnet,  the  other  of  ferropericlase,  may  indicate  a  small  diamond  contribution  from  the  sub- 


Fig.  3.  Image  of  the  distribution  of  Si  in  magnetite 
inclusion  MW96-136.  A  matrix  of  200x200  points 
(0.1  seconds  per  point)  was  collected  as  beam  scan 
at  15  kV  and  20  nA.  The  contrast  was  enhanced 
after  data  collection  by  histogram  equalisation,  for 
noise  reduction  a  median  filter  was  applied.  Bright 
colours  imply  high  Si  contents.  The  grain  boundaries 
can  be  seen  in  the  four  corners  of  the  image.  Grain 
diameter  is  about  70  /ym. 
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lithosphere.  Although  the  evidence  of  a  single  ferropericlase  inclusion  is  ambiguous,  its  presence 
might  testify  to  a  lower  mantle  origin.  An  inclusion  of  native  iron  rimmed  by  wustite  (plus  a 
coexisting  inclusion  of  magnetite)  also  might  be  indicative  of  an  ultra-deep  origin  and  indicates 
rather  large  variations  in  oxygen  fugacity  from  below  WI  (FeO-Fe)  to  above  MW  (Fe304-Fe0). 

To  account  for  the  disequilibrium  conditions  during  diamond  formation  beneath  Mwadui, 
we  conclude  that  diamonds  grew  in  metasomatic  fronts,  where  steep  compositional  gradients 
existed  and  where  carbon  was  deposited  as  diamond  from  redox  reactions  between  the  metasomatic 
fluid  or  melt  and  the  peridotitic  wall  rocks. 
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Garnets  from  diamondiferous  and  barren  peridotite  xenoliths  from  the  Roberts  Victor  kimberlite 
(Viljoen  et  al.,  1994)  and  garnet  inclusions  in  alluvial  diamonds  from  the  Birim  deposits  in  Ghana 
(Stachel  and  Harris,  1997)  were  analysed  for  trace  elements  by  secondary  ion  mass  spectrometry 
(Cameca  IMS  4f  ion  microprobe  at  Edinburgh  University).  Comparison  of  nodule  garnets  and 
garnet  inclusions  in  diamonds  reveals  similar  trace  element  patterns  which  are  characterised  by  a 
non-transitional  separation  of  the  lherzolitic  and  the  harzburgitic  paragenesis.  Lherzolitic  garnets 
from  both  sources  are  depleted  in  LREEn  (N  for  chondrite  normalised)  and  have  enriched  and  flat 
MREEn  and  HREEn  patterns  (Fig.  1).  Chondrite  normalised  patterns  for  harzburgitic  garnets  (Fig. 2) 
are  sinusoidal,  with  a  peak  within  the  LREEn  around  Pr  and  a  trough  within  the  MREEn  around  Ho. 
The  shape  of  the  patterns  is  very  similar  for  all  samples  but  the  depth  of  the  trough  and  the  actual 
concentrations  vary  widely.  Similar  sinusoidal  patterns  were  previously  described  for  sub-calcic 
garnets  in  heavy  mineral  concentrates  from  Southern  African  kimberlites  (Shimizu  and  Richardson, 
1987,  Hoal  et  al.,  1994)  and  for  garnets  in  harzburgite  xenoliths  (Nixon  et  al.,  1987).  The  clear 
separation  between  the  lherzolitic  and  harzburgitic  parageneses  is  also  apparent  in  other  trace 
elements,  e  g.  with  Ti,  Zr  and  Y  being  higher  in  lherzolitic  garnets  and  Sr  being  higher  in 
harzburgitic  garnets. 

Experimental  work  (Bulatov  et  al.,  1991,  Canil  and  Wei,  1992)  has  shown  that  chromium 
rich  garnets  (Cr203  >  4  wt.%)  cannot  be  explained  as  a  residual  phase  of  single  stage  melt 
extraction  in  the  garnet  stability  field,  but  may  originate  as  a  metamorphic  product  of  a  harzburgitic 
residuum  depleted  by  partial  melting  in  the  stability  field  of  spinel  peridotite.  Therefore,  Cr203 
contents  of  more  than  4  wt%  indicate  that  harzburgitic  and  lherzolitic  garnets  from  Roberts  Victor 
(nodules)  and  Ghana  (diamonds)  had  harzburgitic  precursors  which  obtained  their  high  Cr/AJ  by 
depletion  in  the  spinel  stability  field. 

Enrichment  and  depletion  of  REE  in  peridotitic  garnets  can  be  better  visualised  if  these 
garnets  are  normalised  to  a  garnet  derived  from  a  primitive  mantle.  A  high  temperature  sheared 
lherzolite  xenolith  from  Jagersfontein  (J4  of  Jagoutz  and  Spettel  in  Wolff-Boenisch,  1994)  has  a 
very  primitive  bulk  and  mineral  chemistry  and  REE  concentrations  in  garnet  which  closely  match 


Fig.  1 .  Chondrite  normalised  REE  con-  Fig.  2.  Chondrite  normalised  REE  con¬ 
centrations  in  lherzolitic  garnets.  centrations  in  harzburgitic  garnets. 
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those  calculated  for  garnets  crystallised  in  a  primitive  mantle.  Normalised  to  this  garnet  the 
lherzolitic  garnet's,  despite  their  high  chromium  contents,  have  flat  and  only  slightly  depleted 
(xenoliths)  to  undepleted  (inclusions)  REE  patterns  (Fig.  3).  This  paradox  requires  a  secondary 
enrichment  event  which  introduced  previously  depleted  major  elements  such  as  Ca  and  Fe  and 
caused  REE  enrichment  to  a  degree  which  erased  the  memory  of  the  earlier  depletion  and,  hence, 
resulted  in  patterns  typical  for  an  undepleted  source.  The  REE  patterns  of  harzburgitic  garnets  loose 
their  sinusoidal  shape  (Fig.  4)  and  only  show  a  trough  in  the  MREE  This  also  indicates  an 
evolution  in  at  least  two  stages:  (i)  A  melt  extraction  event  that  produced  LREE  depleted  patterns 
and  high  Cr  contents.  The  positive  slope  from  Ho  to  Lu  may  be  indicative  of  this  stage  and  is 
particularly  well  preserved  in  inclusions  in  diamonds  from  Ghana,  but  is  also  apparent  for  Roberts 
Victor,  where  depletion  seems  to  be  less  pronounced.  Depleted  MORB  mantle  from  the  Voykar 
Massif,  Polar  Urals  (Sharma  and  Wasserburg,  1996)  shows  such  steep,  positive  LREE-HREE 
slopes  as  indicated  by  the  Ho  to  Lu  "tail".  Since  orthopyroxene  and  spinel  precursors  could  not 
effectively  retain  HREE  in  the  residuum,  such  strong  LREE/HREE  fractionation  implies  depletion 
within  the  garnet  stability  field.  In  connection  with  the  high  Cr  contents  this  indicates  a  source 
evolution  during  fractional  decompression  melting  (MORB  extraction)  which  started  in  the  garnet 
stability  field  but  continued  into  the  spinel  stability  field,  (ii)  A  metasomatic  enrichment  event  re¬ 
introduced  the  previously  depleted  incompatible  LREE  and  MREE  with  the  degree  of  re-enrichment 
strongly  declining  from  La  to  Dy. 

Since  high  chromium  contents  in  garnets  from  both  parageneses  document  formation  from 
residual  harzburgite  the  key  difference  must  be  sought  in  the  type  and  the  extent  of  re-enrichment. 
For  the  Ghanaian  inclusions  the  metasomatic  re-enrichment  seen  in  the  lherzolitic  paragenesis  is 
consistent  with  infiltration  of  low  volume  alkaline  melts  whereas  for  the  harzburgitic  paragenesis 
sub-solidus  equilibration  temperatures  and  extreme  trace  element  fractionation  exclude  melt 
involvement  and  suggest  enrichment  by  percolating  methane  rich  fluids  (Stachel  and  Harris,  1997). 
Such  fluids  may  have  evolved  during  chromatographic  column  type  interaction  with  garnet  bearing 
peridotitic  wall  rocks  which  preferentially  extracted  the  more  compatible  HREE.  Different  origins 
for  lherzolitic  and  harzburgitic  inclusions  in  southern  African  diamonds  have  also  been  suggested 
by  Griffin  et  al.  (1992),  who  also  concluded  that  lherzolitic  diamonds  probably  formed  in  the 
presence  of  a  melt.  Because  there  is  a  very  close  similarity  in  the  REE  patterns  between  the  garnet 
inclusions  from  Ghana  and  the  garnets  from  xenoliths  from  Roberts  Victor  we  conclude  that  their 
lherzolitic  and  harzburgitic  parageneses  also  have  similar  origins  However,  by  relating  diamond 
formation  and  metasomatic  source  enrichment  we  do  not  imply  that  the  diamond  formation  event 
was  the  first  and  only  metasomatic  event  affecting  the  harzburgitic  diamond  source  region.  On  the 
contrary,  Richardson  et  al.  (1984)  report  low  143Nd/144Nd  ratios  for  garnet  inclusions  in  diamond 
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Fig.  3.  REE  concentrations  in  lherzolitic 
garnets  (diamondiferous  xenoliths  and 
inclusions)  normalised  to  J4  garnet. 


Fig.  4.  REE  concentrations  in  harz¬ 
burgitic  garnets  (diamondiferous 
xenoliths  and  inclusions). 
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with  87Sr/86Sr  ratios  that  are  unsupported  by  the  low  intrinsic  Rb  contents.  This  evidence  indicates 
metasomatic  enrichment  of  the  host  rock  long  before  diamond  formation.  However,  the  agent 
responsible  for  this  ancient  enrichment  is  difficult  to  assess:  The  chemical  evidence  of  low  Ti,  Y,  Hf 
and  Zr  and  petrographical  characteristics  (e.g.  hydrous  mineral  inclusions  are  generally  absent  in 
diamond)  of  the  harzburgitic  diamond  source  are  not  indicative  of  previous  metasomatism  by 
kimberlitic-lamproitic  or  hydrous  basaltic  melts.  The  virtual  absence  of  carbonate  minerals  as 
inclusions  excludes  diamond  precipitation  from  carbonatitic  melts.  Previous  source  enrichment  by 
carbonatites,  however,  is  feasible  because  of  their  Sr  and  LREE  enriched  and  Ti  and  Zr  depleted 
characteristics  (Griffin  et  al.,  1992). 

The  observed  similarity  of  the  trace  element  composition  of  inclusion  and  nodule  garnets 
shows  that  inclusions  in  diamond  reflect  physical  and  chemical  conditions  which  are  also  recorded 
in  the  surrounding  garnet  peridotite.  This  implies  that  inclusions  in  diamonds  do  not  just  represent  a 
transient  picture  in  the  development  of  the  subcratonic  mantle  but  that  they  yield  accurate 
information  on  its  equilibrium  state.  Nevertheless  and  possibly  to  our  advantage,  multiple 
inclusions  in  diamonds  may  reflect  pathways  in  the  evolution  of  the  mantle. 
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An  optical  investigation  of  dispersed  organic  matter  (DOM)  inclusions  from  eight  Lac  de  Gras 
kimberlite  pipes  indicates:  (i)  crater  facies  DOM  is  thermally  unaltered;  (ii)  diatreme  facies  DOM 
not  associated  with  hypabyssal  facies  has  undergone  low  level  thermal  alteration  characteristic  of 
temperatures  on  the  order  of  150-200°C  and;  (iii)  DOM  from  diatreme  facies  intruded  by  later 
hypabyssal  dykes  show  a  progressive  increase  in  thermal  alteration  towards  the  hypabyssal  contact 
where  DOM  appears  to  have  been  exposed  to  temperatures  as  high  as  600  -700°C.  Near  the 
contact,  DOM  undergoes  a  rapid  thermal  transformation  and  produces  a  variety  of  thermal  alteration 
products.  These  products  include:  (i)  degasified  wood  chars;  (ii)  liquefied  wood  residues;  (iii) 
petroleum  bitumens  derived  from  terrestrial  resinites  and  cutinites;  and  (iv)  petroleum-derived  semi- 
graphitic  coke. 

Optical  incident  light  microscopy  of  DOM  has  been  used  extensively  for  assessing  the  level  of 
thermal  maturation  (coalification  level)  of  strata  within  a  sedimentary  basin  and  for  identifying 
thermal  anomalies  associated  with  intruded  country  rocks,  particularly  organic-enriched  shales  and 
coal-bearing  strata.  Two  principal  methods  in  optical  microscopy  are  used  for  monitoring 
thermally-induced  changes  in  DOM:  (i)  per  cent  reflectance  in  oil  (%Ro)  of  wood-derived  huminite 
DOM;  and  (ii)  fluorescence  microspectrometry  of  liptinite  DOM.  This  study  evalutes  the  organic 
and  thermal  history  of  huminites,  huminite  alteration  products,  associated  liptinite  (resinite, 
sporinite  and  cutinite)  and  bitumen  DOM  that  were  incorporated  as  a  result  of  thermally-induced 
reactions  within  crater  and  diatreme  facies  of  seven  Lac  de  Gras  kimberlites.  The  optical  properties 
and  microtextures  of  DOM  from  these  kimberlites  are  compared  with  %Ro  and  optical  textural  data 
reported  from  bench  scale  pyrolysis  (Fig.  1),  gasification  and  liquefaction  experiments  conducted 
on  huminites  of  brown  coal  to  lignitic  level  of  coalification. 

%Ro  of  wood-derived  huminite  DOM  is  the  most  common  optical  method  used  for  evaluating  the 
thermal  history.  Since  the  rate  of  reaction  and  %Ro  of  woody  huminite  DOM  increases 
exponentially  with  increasing  temperature,  following  first  order  Arrenhius  kinetics,  this  method 
provides  a  valuable  geothermometer  for  evaluating  the  thermal  conditions  during  intrusion  of  the 
Cretaceous-Tertiary  kimberlites  at  Lac  de  Gras.  Three  kimberlite  samples  enriched  in  DOM  were 
examined  from  crater  facies  rocks  (Koala  and  Torrie  pipes;  present  day  depths:  51  to  63  m). 
Diatreme  facies  samples  with  DOM  inclusions  were  examined  from  four  pipes  (Point  Lake,  Hawk, 
Gazelle,  and  Caribou  West;  present  day  depths:  70  to  280m).  The  most  continuous  data  profile 
was  collected  from  the  Nancy  pipe  with  26  samples  examined  over  a  95  m  interval  (present  day 
depths:  30  to  117  m).  This  pipe  is  also  unique  in  that  the  diatreme  facies  rocks  have  been  intruded 
by  later  hypabyssal  facies  and  thin  hypabyssal  dykes. 

Thermally  unaltered  to  highly  altered  DOM  has  been  noted  within  crater  and  diatreme  facies  of  the 
Lac  de  Gras  kimberlite  pipes,  based  on  variations  in  huminite  %Ro,  liptinite  DOM  fluorescence 
properties,  and  changes  in  organic  matter  optical  micro-textures.  DOM  within  crater  facies  rocks 
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has  clearly  not  been  subjected  to  any  level  of  thermal  alteration  (Fig.  2),  defining  a  low  temperature 
thermal  zone  (Thermal  Zone  A).  The  consistent  very  low  reflectance  (<  0.20  %Ro)  and  cellulose- 
enrichment  of  huminites  and  the  short  wavelength  fluorescence  properties  of  liptinites  confirm  that 
the  thermal  maturity  is  still  essentially  at  the  peat  level  of  coalification.  Holocene  peats  by 
comparison  have  huminite  Ro  values  on  the  order  of  0.15  to  0.20  %Ro.  In  addition,  the  complete 
lack  of  microtextures  such  as  devolatilization  slits  and  vacuoles  in  the  huminites  supports  a  very 
low-level  temperature  zone. 

The  %Ro  values  of  huminites  from  diatreme  facies  which  were  not  affected  by  hypabyssal  facies 
(Hawk,  Point  Lake,  Gazelle,  and  Caribou  West)  are  markedly  higher  than  the  reflectance  of  crater 
facies  huminites,  ranging  from  0.30  to  0.47  %Ro  (Thermal  Zone  B).  The  vast  majority  of  the 
huminite  macerals  in  diatreme  facies  samples  with  %Ro  ranging  from  0.30-0.40  show  no  evidence 
of  micro-texture  thermal  alteration  features  to  the  huminite  cellular  structure.  Exceptions  include: 
(i)  laminated  huminite-enriched,  peat  clasts  from  Hawk  pipe  which  clearly  show  evidence  for  rapid 
and  extremely  short-lived  oxidative  thermal  alteration;  and  (ii)  large  stem-like  inclusions  which 
exhibit  high-reflecting  outer  rims  (0.44  %Ro)  and  a  low-reflecting  inner  core  (0.33-0.38  %Ro). 
Assuming  that  the  increase  in  huminite  %Ro  has  been  a  consequence  of  thermally-induced  reactions 
resulting  from  heat  of  diatreme  kimberlite  intrusions,  an  estimation  of  temperature  is  possible.  By 
comparing  the  range  of  huminite  %Ro  values  for  these  diatremes  with  %Ro  and  temperature  data 
compiled  from  the  literature  (Bostick,  1979;  Kybett  et  al,  1982;  Li,  et  al.,  1991;  Huang,  1995)  for 
rapid  pyrolysis  experiments  using  low  rank  woody  huminite  as  a  feedstock  (Fig.  1),  a  thermal 
alteration  temperature  on  the  order  of  150-200  °C  is  suggested  for  Thermal  Zone  B. 

Huminite  in  tuffisitic  kimberlite  diatreme  facies  rocks  of  the  Nancy  pipe  exhibit  a  systematic 
increase  in  reflectance  with  increasing  depth  and  proximity  to  the  hypabyssal  kimberlite  facies 
(Fig. 3).  Huminites  within  the  upper  part  of  the  diatreme  facies  (30-45  m  depth)  in  Nancy  have  %Ro 
values  of  0.32  to  0.47,  which  are  similar  to  those  huminites  from  pipes  with  diatreme  facies  not 
affected  by  hypabyssal  facies.  The  Nancy  huminites,  however,  are  characterized  by  unique,  early 
devolatilization  micro-textures  (e.g.  radiating  slit-like  fissures).  Between  48  and  100  m  in  Nancy, 
huminite  reflectance  shows  a  dramatic  increase  from  0.55  to  3.3  %Ro,  with  the  greatest  rate  of 
increase  occurring  between  65  and  100  m.  This  zone  contains  thin  hypabyssal  dikes  (72-78  m)  and 
macrocrystic  kimberlite  breccia  hypabyssal  facies  (83-114  m).  Significant  amounts  of  huminites 
with  reflectance  values  as  high  as  4.6  %Ro  are  also  present  in  this  zone.  Devolatilization  of 
huminite  macerals  is  extensive  between  48  and  100  m  depth  in  the  Nancy  pipe,  progressively 
increasing  in  severity  towards  the  diatreme-hypabyssal  facies  contact. 

A  comparison  of  huminite  %Ro  data  from  Nancy  pipe  with  data  from  bench  scale  rapid  pyrolysis 
of  low  rank  huminite  suggests  a  wide  range  in  thermal  conditions  with  a  progressive  increase  in  the 
degree  of  thermal  alteration  towards  the  diatreme-macrocrystic  hypabyssal  facies  contact.  Huminite 
%Ro  (0.32-0.47)  between  30  and  45  m  depth  suggests  an  alteration  temperature  of  150  to  200  °C 
(Thermal  Zone  Bl).  Between  45  and  63  m  depth,  huminite  %Ro  ranges  from  0.50  to  1.0,  indicating 
an  alteration  temperature  on  the  order  of  200  to  300  °C  (Thermal  Zone  C).  Between  68  and  100  m 
depth  huminite  %Ro  ranges  from  1 .8  to  a  maximum  4.6,  suggesting  an  alteration  temperature  on  the 
order  of  400  °C  at  68  m  (Thermal  Zone  D)  to  approximately  600-700  °C  at  100  m  depth  (Thermal 
Zone  E).  Semi-graphitic  cokes  derived  from  high  temperature  thermal  cracking  of  petroleum 
liquids  are  present  in  a  restricted  zone  in  the  Nancy  pipe  between  68  and  106  m  depth.  Petroleum 
cokes  begin  to  form  from  thermal  cracking  of  liquid  petroleum  at  around  400-450  °C  during  rapid 
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carbonization  in  an  02-free  system  (Marsh  et  al.,  1971;  White,  1976;  Khorasani  and  Michelson, 
1993),  thus  corroborating  the  alteration  temperatures  indicated  by  huminite  %  Ro  for  Thermal  Zone 
D.  The  petroleum  cokes  in  this  zone  were  most  likely  sourced  from  rapid  thermal  alteration  of 
hydrogen-rich  terrestrial  resinite  and  cutinite  DOM  noted  at  various  levels  in  the  pipe. 


Figure  1.  Pyrolysis  Experiments 


Figure  3.  Huminite  %Ro  from  Nancy  Kimberlite 
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Figure  2.  Huminite  %Ro  crater  and  diatreme  facies 


%Ro  -  huminite  and  altered  huminite 
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THE  PETROLOGY  OF  A  MANTLE  XENOLITH  SUITE  FROM  VENETIA, 

SOUTH  AFRICA 
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The  Venetia  diamond  mine  is  situated  50  km  to  the  west  of  Messina  in  the  Northern  Province  of 
South  Africa.  A  total  of  80  peridotite  xenoliths  and  20  pyroxenite  xenoliths  were  examined  and 
results  from  the  petrographic,  major  and  trace  element  mineral  chemistry,  and  geothermobarometric 
investigations  are  reported  here.  These  xenoliths  were  obtained  from  the  open  pit  and  from  early 
evaluation  and  drilling  operations. 

The  peridotite  xenolith  suite  consists  of  a  collection  of  spinel  peridotites,  both  from  the  shallow  and 
deeper  parts  of  the  upper  mantle,  garnet-spinel  peridotites  (containing  exsolved  garnet),  garnet 
harzburgites  (subcalcic,  including  coarse  and  sheared  varieties),  garnet  Iherzolites  (coarse-textured 
as  well  as  sheared),  and  a  garnet-bearing  dunite.  Seven  of  these  xenoliths  are  graphite-bearing. 
Diamond  has  yet  to  be  recovered  from  any  of  these  samples.  The  pyroxenites  are  characterised  by  a 
medium-  to  coarse-grained  texture,  the  absence  of  olivine,  and  the  presence  of  garnet  exsolution. 
The  most  striking  feature  of  the  peridotite  xenoliths  is  the  extreme  paucity  of  modal  metasomatism. 
Phlogopite,  amphibole  and  metasomatic  veining  are  virtually  absent  from  the  xenoliths  thus  far 
collected. 

The  Mg#  of  peridotitic  olivine  ranges  from  90  to  94,  with  olivine  from  the  harzburgites  and  spinel 
peridotites  being  most  forsteritic.  The  majority  of  sheared  peridotites  contain  unusually  magnesian 
olivine  (Mg#=  92-93). 

The  paucity  of  modal  metasomatism  is  confirmed  by  the  low  abundance  of  Cr203  -  and  Na20-rich 
clinopyroxene  compositions  which  are  common  at  localities  such  as  Letlhakane  (Stiefenhofer  et  al., 
1997)  and  Kimberley  (Erlank  et  al.,  1987).  Clinopyroxenes  of  this  composition  are  however  present 
in  three  of  the  subcalcic  harzburgites  (small  discrete  grains  or  as  an  intermittent  vermiform  veinlet 
in  one  example,  all  associated  with  altered  orthopyroxene),  and  can  be  further  distinguished  from 
clinopyroxenes  in  coarse  and  sheared  peridotites  by  their  intermediate  Ca#  and  Ti02-enriched 
composition. 

The  garnet  compositions  occupy  a  range  from  approximately  0.2-10  wt%  Cr2C>3  with  the  majority  of 
peridotitic  garnets  ranging  between  3  and  9  wt%  Cr203  (Fig.l).  The  elevated  Ti-contents  of  the 
garnets  (up  to  1  wt%)  of  some  xenoliths  indicate  that  metasomatism  was  limited  to  the  peridotitic 
suite  only,  the  pyroxenites  and  shallow  upper  mantle  spinel  and  garnet-spinel  peridotites  being 
unaffected. 

Trace  element  studies  of  garnets  from  the  peridotites  reveal  a  typical  H REE-enriched,  LREE- 
depleted  signature  for  the  Iherzolite  garnets  (Fig.  2)  and  a  sinusoidal  signature  for  the  subcalcic 
harzburgite  garnets  (Fig.  3).  Garnets  from  the  clinopyroxene-bearing  subcalcic  harzburgites  can  be 
distinguished  by  a  slight  enrichment  in  Ce  and  a  significant  increase  in  Sr,  compared  to  the 
remaining  subcalcic  harzburgites.  Garnets  from  garnet-spinel  peridotites  exhibit  a  significant 
subdivision  into  a  HREE-,  Ti-,  Zr-  and  Y-enriched,  LREE-depleted  group,  and  a  LREE-enriched, 
HREE-,  Ti-,  Zr-  and  Y-depleted  group. 

Clinopyroxenes  from  the  latter  group  exhibit  the  highest  LREE-  and  Sr-contents  of  all  the 
peridotitic  clinopyroxenes.  Trace  element  results  from  the  peridotitic  clinopyroxenes  indicate  the 
typical  LREE-enriched  and  HREE-depleted  signature  associated  with  clinopyroxenes  from  these 
rock  types.  Overall  results  of  the  trace  element  studies  indicate  the  dominance  of  melt 
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metasomatism  at  Venetia,  and  the  paucity  of  hydrous  metasomatism.  These  results  are  in  agreement 
with  petrographic  observations  and  clinopyroxene  minor  element  compositions. 

A  temperature-pressure  array  obtained  from  the  Venetia  xenoliths  includes  features  such  as  a  high- 
temperature  inflection,  displacement  of  pyroxenites  off  the  geotherm  at  lower  temperatures  and 
pressures,  and  termination  of  the  pyroxenites  at  the  start  of  the  diamond  stability  field  (approx. 
44kb)  (Fig.  4). 
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Figure  1 :  Venetia  garnets.  Each  symbol  represents  the  average  garnet  composition  of  one  xenolith. 
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Figure  2:  Chondrite  normalised  REE  abundances  in  lherzolitic  garnets  from  the  Venetia  peridotite 
suite. 
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Figure  3:  Chondrite  normalised  REE  abundances  in  subcalcic  harzburgitic  garnets  from  the  Venetia 
peridotite  suite.  Note  the  presence  of  primary  metasomatic  clinopyroxene  in  some  of  these  samples. 
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Figure  4:  Geotherm  plot  for  peridotite  and  pyroxenite  xenoliths  from  Venetia. 
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Paleomagnetisation  of  Kimberlites  on  the  BHP/Dia  Met  Diamond  Project 

St.  Pierre,  M.1,  Wynne  P.J.2  and  Counts,  B.3 

1 .  BHP  Minerals  Canada  Ltd.,  Diamond  Exploration,  Kelowna,  B.C.,  Canada. 

2.  Pacific  Geoscience  Center,  Sidney,  B.C.,  Canada. 

3.  LithoQuest  International  Mineral  Exploration  Services,  Kelowna,  B.C.,  Canada. 

Introduction 

The  BHP/Dia  Met  kimberlites  are  located  in  the  central  portion  of  the  Slave  tectonic  province  in  the 
Northwest  Territories  of  Canada.  A  number  of  techniques  have  been  tried  to  determine 
emplacement  ages  of  the  kimberlites,  including  Rb-Sr  on  phlogopite  and  U-Pb  on  perovskite  and 
zircon.  Major  limitations  on  these  methods  include  a  paucity  of  datable  phlogopite  and  zircon,  and 
very  small  grain  size  of  perovskite.  Fossils  collected  from  13  kimberlites  have  constrained  the  ages 
to  Late  Cretaceous/Early  Tertiary. 

Strong  magnetic  remanence  contributes  to  the  magnetic  expression  of  many  kimberlites  in  the 
project  area.  Both  normal  and  reversed  remanences  are  observed  and  imply  different  emplacement 
ages.  On  this  basis,  dating  was  attempted  by  measuring  the  paleomagnetic  characteristics  of 
kimberlites,  and  comparing  the  results  to  reconstructed  polar  drift  and  reversals  through  time.  The 
measurements  were  expected  to  constrain  the  emplacement  ages  to  within  10  million  years.  The 
principles,  laboratory  procedures  and  results  of  a  paleomagnetic  study  carried  out  on  eight  BHP/Dia 
Met  kimberlites  are  presented. 

Paleomagnetism 

When  rocks  form  they  can  acquire  a  magnetisation  related  to  the  Earth’s  magnetic  field  present  at 
the  time.  This  is  referred  to  as  the  rocks  primary  remanent  magnetisation  and  can  happen  in 
igneous  rock  when  it  cools  to  below  its  magnetic  minerals  critical  Curie  temperature 
(, thermoremanent  magnetisation ),  or  in  sedimentary  rocks  when  the  magnetic  minerals  settle  out  of 
suspension  ( depositional  remanent  magnetisation ).  The  rock  therefore  retains  a  memory  of  the 
direction  of  Earth’s  magnetic  field  present  at  the  time  of  its  formation.  In  the  BHP/Dia  Met 
kimberlites  the  primary  remanent  magnetisation  is  dominated  by  thermoremanent  magnetisation.  A 
ferrimagnetic  mineral  such  as  magnetite,  which  is  by  far  the  most  important  magnetic  mineral  in  the 
BHP/Dia  Met  kimberlites,  exhibits  spontaneous  magnetisation  parallel  to  the  field  in  which  it 
formed. 

Continents  and  the  geomagnetic  pole  have  moved  relative  to  each  other  over  time  and  as  a 
consequence  the  inclination  observed  at  a  given  site  varies  over  time.  To  estimate  age, 
comparisons  can  be  made  between  inclinations  derived  from  available  Mesozoic  and  Cenozoic 
cratonic  reference  paleopoles  of  North  America  and  inclinations  measured  in  the  kimberlite 
specimens.  The  record  of  paleomagnetic  reversals  of  the  Earth’s  magnetic  field  combined  with  a 
measurement  of  the  specimen’s  remanent  magnetisation  direction  (normal  or  reversed),  can  in  some 
cases  enhance  the  age  estimates  derived  from  inclination  measurements. 

Sampling  and  Sample  Preparation 

Eight  vertical  drill  holes  with  competent,  unsplit  sections  were  subsampled.  Three  adjacent  lengths 
of  core  were  collected  with  the  up-hole  direction  carefully  recorded.  From  these  110  lengths  of 
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core  177,  right  cylinder  specimens  were  cut.  The  vertical  axis  and  way  up  on  the  cores  was 
preserved  in  the  preparation  of  the  specimens.  The  direction  of  magnetisation  (declination  and 
inclination),  intensity  of  magnetisation  (Natural  Remanent  Magnetisation  or  NRM)  and 
susceptibility  of  each  specimen  were  measured.  Using  the  NRM  intensity  and  the  susceptibility 
measurements,  the  Koeninsberger  ratio  for  each  specimen  was  calculated.  Each  specimen  was  then 
incrementally  demagnetised  using  either  alternating  field  or  thermal  methods  and  remeasured  after 
each  treatment  step.  The  mean  magnetisation  for  each  specimen  was  calculated.  The  declinations 
measured  for  these  specimens  are  meaningless  because  the  cores  were  unoriented  about  the  vertical 
axis.  The  mean  inclinations  (I)  are  summarised  in  Table  1,  with  N  representing  the  number  of 
samples.  Cl  the  error  envelope  for  a  95%  confidence,  and  K  the  precision  of  the  mean  (a  higher  K 
value  means  less  scatter).  Positive  (negative)  inclinations  denote  magnetisation  acquired  during 
normal  (reversed)  polarity  chrons. 


Table  1.  Average  inclination  for  drill  hole  samples  taken  from  various  kimberlites. 


Kimberlite 

I  '  ••  •■ 

Cl 

Koala 

61 

65.8 

+16.8 

-4.4 

16 

Beaver 

17 

-78.0 

±1.2 

491 

Jay 

5 

-29.8  • 

+19.6 

-39.8 

7 

Caribou 

4 

72.3 

+5.5 

-4.3 

67 

Kaska 

4 

-79.7 

±2.9 

375 

Misery 

14 

-73.6 

+4.3 

-8.8 

87 

LS-2 

6 

-74.8 

+  12.5 
-12.7 

11 

Koala  West 

8 

-73.6 

±1.5 

671 

Laboratory  Results 

Two  of  the  eight  holes  have  normal  magnetisation  (positive  inclinations),  and  the  remainder  are 
reversed.  One  of  the  pipes  with  normal  magnetisation  (Caribou)  has  too  few  specimens  to 
adequately  define  an  age.  The  other  pipe  with  normal  magnetisation  (Koala)  is  a  very  poor 
recorder  of  the  paleomagnetic  field  due  to  low  susceptibility  and  the  predominance  of  crater  facies 
material,  which  is  formed  in  a  cool  and  easily  deformed  environment.  The  reversed  magnetisation 
of  the  other  pipes  precludes  their  emplacement  from  124  to  83  Ma,  a  time  period  when  the  Earth’s 
magnetic  field  was  monotonously  normal.  The  reversely  magnetised  pipes  must  either  predate  or 
postdate  the  “Long  Cretaceous  Normal”. 

In  Figure  1  the  mean  inclination,  derived  from  the  Beaver  kimberlite  samples  and  presented  in 
Table  1.  is  plotted  on  the  Apparent  Polar  Wander  Path  inclination  curve  (Besse  and  Courtillot, 
1991),  calculated  for  the  location  of  the  BHP/Dia  Met  kimberlites.  Note  that  between  Early 
Tertiary  (60  Ma)  and  present  the  reference  field  inclination  varies  by  only  about  2.4  degrees.  This 
restricted  range  is  not  sufficient  to  achieve  age  resolution  of  10  Ma,  which  was  initially  anticipated. 
The  Beaver  samples,  based  on  their  mean  inclination  are  either  130  Ma  or  60  Ma  in  age,  the  latter  is 
in  better  agreement  with  ages  arrived  at  by  other  means.  The  similarity  in  inclination  and  identical 
Koeninsberger  ratios  between  the  Kaska  and  Beaver  kimberlite  samples  suggests  a  cogenetic 
source. 
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Figure  1.  Plot  of  the  change  in  the  inclination  over  the  BHP/Dia  Met  property  combined  with  the 
Mean  inclination  and  Cl  error  for  the  Beaver  kimberlite  samples. 

Conclusions 

The  expected  result  of  constraining  BHP/Dia  Met  kimberlite  ages  to  10  Ma  through  the  use  of 
paleomagnetic  remanence  measurements  proved  to  be  too  optimistic.  This  is  primarily  due  to  the 
limited  change  in  the  inclination  of  the  paleomagnetic  pole  during  the  period  surrounding  the 
kimberlites  emplacement,  which  from  various  dating  methods  has  been  determined  to  be  about  60 
Ma.  BHP/Dia  Met  project  area  kimberlite  emplacement  ages  less  than  140  Ma  will  generally  have 
more  than  one  possible  age  according  to  paleomagnetic  remanence  inclination  measurements. 
Cogenetic  relationship  between  intrusive  suites  may  be  derived  through  magnetic  similarities,  such 
as  the  ones  observed  between  the  Beaver  and  Kaska  kimberlites. 
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The  determination  of  hydrogen  in  peridotitic  minerals  by  nuclear  methods 
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3 .  Van  de  Graaff  Group,  National  Accelerator  Centre,  PO  Box  72,  Faure  7131,  South  Africa 

The  distribution  of  H  in  nominally  anhydrous  silicates  (olivine,  pyroxene,  garnet)  or  oxides 
(ilmenite,  rutile,  spinel)  ispoorly  known,  primarily  due  to  the  absence  of  a  suitable  analytical 
technique  which  has  a  detection  limit  in  the  ppm  range.  The  most  sensitive  technique  used  is  Fourier- 
transform  infra-red  spectroscopy  (FTIR),  but  this  involves  difficult  sample  preparation,  transparent  (in 
the  IR  region)  minerals  and  well  characterized  molar  absorbances  for  different  matrices.  In  addition,  it 
must  be  assumed  that  all  H  present  is  infra-red  active  (bonded). 

This  study  describes  an  alternative  technique  involving  the  forward  recoil  of  H  from  a  target 
by  a  beam  of  incident  4He+  ions  (Fig.  1).  In  this  configuration  a  E-AE  (tandem)  detector  system  was 
used  and  only  events  recorded  in  both  detectors  were  accepted  as  recoils  from  the  target.  The 
Rutherford-backscattered  spectrum  of  He  from  the  target  was  also  accumulated  and  enabled  the 
accurate  determination  of  beam  charge  (essential  to  calculate  counts/unit  beam  charge)  for  the 
standardization.  The  target  H-content  is  then  determined  by  comparison  of  the  counts  obtained  in  an 
energy  spectrum  (surface  H  is  excluded  from  this  integration)  with  standards  (Sweeney  et  al.,  1997a). 
The  initial  calibration  of  this  method  yielded  detection  limits  of  ca.  390  ppm  H20  (Sweeney  et  al., 
1997a).  However,  most  recent  work  using  the  experimental  configuration  in  Fig.  1  suggests  that 
detection  limits  of  <75  atomic  ppm  H  (ca.  50  wt  ppm  H20)  are  achievable  by  this  technique  (Sweeney 
et  al.,  1997b).  This  is  primarily  due  to  the  virtual  elimination  of  electronic  noise  by  the  tandem- 
detector  system.  ERDA 


Fig.  1.  Schematic  representation  of  the  optimal  experimental  geometry  for  the  determination  of  H  by  elastic 
recoil  detection  (ERDA  or  forward  recoil)  methods.  The  thin  detector  is  a  transmission  surface  barrier 
detector  and  the  thick  ERDA  detector  and  RBS  detector  are  normal  surface  barrier  detectors  (from  fig.  1, 
Sweeney  et  al.,  1997b). 

The  calibration  curve  obtained  at  low-H  values  using  this  configuration  is  shown  in  Fig.  2. 

The  greatest  contribution  to  the  error  in  precision  is  the  migration  of  H  with  time  away  from  the 
analysis  site  and  the  estimate  of +10%  relative  is  based  on  the  multiple  analysis  of  the  diopside 
standard  (Fig.  2).  Detection  limit  is  estimated  based  on  the  analysis  of  two  fragments  of  natural 
diamond  (D2  and  D5)  which  are  used  as  blanks  and  it  is  suggested  that  the  detection  limit  may  be  less 
than  the  56ppm  H20  obtained  in  the  lowest-level  standard  garnet  (Fig.  2),  a  conservative  value  of 
130ppm  H20  is  used  for  the  natural  material  analysed  with  this  calibration. 

In  addition  to  the  multiple  analysis  of  standard  material,  a  number  of  measurements  were 
obtained  on  silicates  and  oxides  from  xenoliths  in  kimberlites  from  the  Kaapvaal  and  Siberian  Cratons 
(Table  1).  It  is  emphasized  that  these  data  are  preliminary  and  more  data  must  still  be  accumulated 
using  the  E-AE  detector  method  described  above  to  provide  optimal  (<130  ppm  H20)  detection  limits. 
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100  ppm  Hat.  200  ppm  H  at.  300  ppm  H  atomic  in  a  C  matrix 
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Fig.  2.  Empirical  calibration  of  the  recoil  technique  at  low-H  abundances,  constructed  for  wt%  equivalent 
H2O  and  counts/unit  beam  charge  (in  pC)  integrated  over  the  accumulated  channel  (energy)  range.  The 
standards  used  are  natural  garnet  (56ppm  H2O),  kyanite  (230ppm  H2O)  and  diopside  (268ppm  H2O)  obtained 
from  G.  Rossman  (Caltech).  The  diamonds  analysed  are  plotted  on  the  y-axis  and  the  calibration  line  is  fitted 
through  the  solid  symbols. 

However,  although  most  of  these  data  (Table  1)  were  obtained  with  the  experimental  configuration 
yielding  the  higher  detection  limit  (390ppm  H20),  some  interesting  details  emerge.  Garnet  peridotites 
from  the  Kaapvaal  (Kimberley,  bd2Q&30)  and  Siberia  (Udachnaya,  udal&2,  and  Sytyikanskaya,  syt2) 
were  analysed.  The  resolution  of  any  alteration  component  was  problematic:  for  example  the 
serpentine  alteration  of  a  Sytyikanskaya  olivine  yielded  7.5%  H20  (f87).  Although  every  effort  was 
made  to  exclude  altered  areas  or  cracks  from  the  analysis,  it  is  likely  that  minerals  yielding  high  H- 
contents  (for  example  0.5-1.5wt%  H20)  reflect  unseen  submicroscopic  cracks  or  alteration. 

Excluding  these  high  H  data  (>0.5%  H20),  pyroxenes  from  Kimberley  contained  <390-3700  ppm  H20 
vs  <390ppm  H20  from  Sytyikanskaya.  The  garnets  from  Kimberley  were  also  more  ‘hydrous’  (<390- 
3600  ppm  H20)  than  Sytyikanskaya  (<600ppm). 

The  first  analysis  of  oxide  phases  yielded  1960-2700  ppm  H20  in  three  rutiles  from  a  MARID 
(bd54)  and  garnet  phlogopite  peridotite  (GPP,  bd62)  from  Kimberley  (Table  1).  Phlogopites  from  the 
GPP  sample  (bd62)  yielded  near  stoichiometric  H20  contents  (4.1-4.5wt%),  whereas  phlogopites  from 
three  MARID  xenoliths  yielded  3. 0-3. 6  wt%  H20  (bd54  and  Wesselton  samples  331&422).  These 
low  H20  contents  are  not  imposed  by  chemical  effects  due  to  (for  example)  excess  F;  F  is  0.23+0.1% 
in  MARID  phlogopites  (Konzett,  1996).  It  is  suggested  that  the  low  K/H  ratio  in  the  MARID 
phlogopites  reflect  the  ratio  in  the  melt  or  fluid  from  which  the  phlogopite  crystallized:  the  abundance 
of  K  (and  the  nature  of  the  bulk  composition)  ensured  high  modal  phlogopite,  but  insufficient  H20 
was  available  to  accommodate  the  stoichiometric  requirements  of  this  volume  of  phlogopite.  It  is 
likely  therefore  that  the  MARID  assemblage  crystallized  from  a  H20-undersaturated  melt  rather  than  a 
hydrous  K-bearing  fluid.  In  contrast,  phlogopite  in  peridotite  most  likely  crystallized  from  a  fluid  or 
melt  with  a  lower  K/H  ratio. 

The  elastic  recoil  technique  affords  and  opportunity  to  accumulate  data  to  a  detection  limit  of 
ca.  50ppm  H20  (H-equivalent)  on  polished  sections,  including  opaque  minerals.  Surface  adsorbed 
H20  is  easily  resolved  (and  excluded)  in  this  technique.  The  technique  employs  beam  sizes  of  5- 
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15  jam,  making  studies  on  the  spatial  distribution  of  H  within  minerals  possible.  The  technique  is  not 
species-specific  as  bulk  H  is  determined. 


of  lOOOppm  H20  and  f-series  with  detection  limits  in  the  range  130-390  ppm  H20. 

Precisions  in  the  ppm  range  are  +-10%  relative  and  in  the  %  range  +-5%  relative. 
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Table  1.  Hydrogen  (in  pm)  in  peridotitic  minerals,  determined  from  empirical  calibrations  of 
H-bearing  standards  (Sweeney  et  al.,  1997a).  Analysis  numbers  are  in  brackets 
for  analyses  using  different  standardizations:  m-series  with  a  higher  detection  limit 
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Kimberlite  as  high-pressure  melts:  the  determination  of  segregation  depth 

from  major  element  chemistry 


Sweeney,  R.J.  and  Winter,  F. 

Anglo-American  Research  Laboratories,  PO  Box  106,  Crown  Mines  2025,  S.  Africa 

Kimberlites  are  volatile-rich,  incompatible  element-enriched  ultramafic  melts  mixed  with 
mantle  material  collected  during  ascent.  Based  on  this,  we  adopt  the  view  that  small  degree 
mantle  melts  of  this  style  have  to  be  in  equilibrium  with  the  olivine-dominated  upper  mantle. 
Furthermore,  the  fact  that  kimberlites  most  likely  represent  small  degrees  of  melting  (the 
volatile-  and  incompatible-element  enriched  character)  they  are  also  likely  to  have  segregated 
from  a  mantle  that  retained  garnet  and  clinopyroxene  in  the  restite. 

Herzberg  (1992)  proposed  a  method  to  determine  the  depth  of  magma  segregation  by 
recognizing  that  all  near-solidus  liquids  should  be  in  equilibrium  with  a  peridotite  containing 
garnet+clinopyroxene.  To  establish  pressure  of  segregation,  a  variable  may  then  be  chosen 
which  is  affected  by  garnet+clinopyroxene  melting  only,  such  as  Ca0/(Ca0+Al203)  ratio. 
Published  experimental  data  permitted  the  definition  of  a  locus  of  melts  near  the  solidus  (at 
garnet+clinopyroxene  saturation)  where  the  Ca0/(Ca0+Al203)  ratio  is  correlated  with  pressure 
(Fig.  1.  from  Herzberg,  1992,  which  has  been  updated  here  with  more  recent  experimental  data). 
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Fig.  1.  CaO/(CaO+Al2O0  (element-oxide  data  in  wt%)  of  the  liquid  with  experimental  P  (after 
Herzberg,  1992,  Fig.  5)  defining  the  locus  of  melt  compositions  where  garnet  (ga)  and  clinopyroxene 
(cpx)  are  liquidus  phases.  Points  include  experimental  data  from  Herzberg  (1992;  solid  circles  and  solid 
triangles),  as  well  as  other  data  not  included  in  that  study.  Solid  (black  and  grey)  symbols  are  for  melt 
compositions  where  garnet  appears  as  the  first  Ca-bearing  phase  and  open  symbols  (including  cross  for 
O’Hara  and  Yoder,  1967)  are  for  compositions  where  clinopyroxene  is  the  Ca-Al  phase  closest  to  the 
liquidus.  Data  sources:  Herzberg  et  al.  (1990);  Tronnes  et  al.  (1992);  Takahashi  et  al.  (1993);  Inoue  and 
Sawamoto  (1992),  Canil  (1991);  Hirose  and  Kushiro  (1993);  Walter  and  Presnall  (1994);  Ringwood  et 
al,  (1992);  O’Hara  and  Yoder  (1967);  Eggler  and  Wendlandt  (1979). 
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The  two  fields  defined  on  Fig.l  depend  on  the  pressure  of  the  experiment,  the 
Ca0/(Ca0+Al203)  ratio  of  the  bulk  composition  and  which  Ca-Al  bearing  phase  (garnet  or 
clinopyroxene)  appears  on  the  liquidus  first  (the  order  of  crystallization  is  therefore  important). 
The  amount  of  crystallization  of  olivine  and/or  orthopyroxene  will  not  affect  the  Ca/Al  ratio  of 
the  liquid  composition.  However,  this  ratio  would  be  modified  by  crystallization  of  garnet 
and/or  clinopyroxene,  hence  it  is  their  first  appearance  that  indicates  the  saturated  condition. 

Obviously  the  model  requires  that  the  temperature  dependence  of  Ca/Al  exchange  in  the 
approximately  100°C-wide  gamet+clinopyroxene-melting  interval  is  small.  In  addition,  it  is 
necessary  that  the  clinopyroxene  and  garnet  crystallized  in  the  experiments  in  Fig.  1,  have 
mantle  compositions.  The  advantage  of  using  the  bulk  composition  in  this  manner  is  that  liquid 
compositions  in  many  near-solidus  experiments  are  usually  difficult  to  determine  due  to  the 
small  melt  fractions  involved.  This  is  particularly  problematic  at  pressures  >5GPa  where  melts 
are  invariably  subject  to  modification  of  their  composition  by  quench  crystallization.  In  addition 
the  enhanced  temperature  gradients  which  exist  in  higher-pressure  (multi-anvil)  experiments 
may  result  in  the  analysis  of  liquids  which  are  not  in  equilibrium  with  crystallized  phases. 

An  assumption  is  that  kimberlitic  melts  are  saturated  (residual  phases)  in  both  garnet  and 
clinopyroxene.  It  may  be  argued  that  phlogopite  may  also  be  a  residual  phase  in  kimberlite  melt 
production,  which  would  affect  the  Ca0/(Ca0+Al203)  ratio  significantly.  Phlogopite  (or  any 
other  K-bearing  phase)  may  contribute  toward  the  melt  volume,  but  is  clearly  not  residual  (it 
melts  out).  This  is  evident  from  the  fact  that  kimberlitic  liquids  at  high  pressure  (>3GPa)  are  not 
saturated  with  (do  not  crystallize)  phlogopite  near  their  liquidus  (e.g.  Eggler  and  Wendlandt, 
1979).  Thus,  the  Ca0/(Ca0+Al203)  ratio  in  near-liquidus  kimberlite  melts  will  be  controlled  by 
the  residual  mineralogy:  clinopyroxene  and  garnet  only.  A  further  assumption  is  that  the  whole- 
rock  major  element  data  used  are  representative  of  a  kimberlite  liquid  composition.  The  P- 
sensitive  ratio  Ca0/(Ca0+Al203)  is  plotted  vs.  MgO/Si02,  which  should  also  be  pressure 
sensitive  as  an  increase  in  pressure  would  contract  the  olivine  phase  field  (and  therefore  olivine 
would  be  a  greater  contributor  to  the  melt). 

In  kimberlites,  olivine  is  the  dominant  liquidus  phase  throughout  much  of  the  pressure 
range  (from  field  observations  and  experiments),  and  fractionation  or  addition  (of  xenocrysts) 
would  cause  arrays  to  spread  to  lower  or  higher  MgO/Si02  ratios  respectively  with  little  change 
in  Ca0/(Ca0+Al203)  ratio  (Fig.  2).  Consequently,  Ca0/(Ca0+Al203)  would  still  be  sensitive  to 
depth  of  magma  segregation,  demonstrating  that  the  positive  correlation  of  Ca0/(Ca0+Al203) 
vs.  MgO/Si02  observed  for  a  number  of  kimberlites  is  primarily  determined  by  the  pressure  of 
melt-lherzolite  equilibration.  Examples  of  Group  1  and  2  kimberlites  are  included  on  Fig.  2. 
Characteristically,  Group  1  data  show  a  spectrum  of  segregation  pressures  within  a  single  pipe. 
In  contrast  the  Group  2  data,  as  a  whole  show  the  same  spectrum  but  individual  pipes  have  a 
more  restricted  pressure  range  in  Ca0/(Ca0+Al203)  ratio  and  correlated  (from  Fig.l)  pressure. 
For  example,  Bellsbank  shows  generally  greater  pressures  of  segregation  than  Sover  and  Finsch. 
The  dispersion  in  MgO/Si02  ratios  in  Group  2  kimberlites  is  explained  by  olivine  addition  or 
fractionation. 

One  obvious  conclusion  to  be  made  from  Fig.  2  is  that  the  high  MgO/Si02  ratios  of  some 
samples  can  be  explained  only  by  the  influence  of  a  carbonate  component.  These  melts  have 
MgO/Si02  ratio’s  similar  to  olivine,  but  since  100%  modal  melting  of  olivine  is  unrealistic  the 
involvement  of  a  Mg-carbonate  component  in  kimberlite  petrogenesis  (i.e.  dolomite  or 
magnesite  in  the  source)  is  suggested.  In  conclusion,  it  is  stressed  that  the  petrogenetic  processes 
that  are  likely  to  dominate  kimberlite  evolution  (i.e.  the  degree  of  crystallization  or  addition  of 
olivine)  act  at  a  high  angle  to  the  positive  correlation  of  Ca0/(Ca0+Al203)  and  MgO/Si02  and 
this  most  likely  preserves  a  pressure  effect.  Also  plotted  on  Fig.  2  is  the  expected 
diamond/graphite  transition  pressure  at  a  kimberlite  liquidus  temperature  of  1500-1600°C  and 
most  kimberlite  whole-rock  data  suggest  segregation  pressures  greater  than  this:  consistent  with 
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the  presence  of  diamond  xenocrysts  in  these  pipes. 
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Fig.  2.  Major  element  whole-rock  geochemistry  of  selected  kimberlites  (element-oxide  data  in  wt%). 
Typical  mantle  mineral  compositions  are  plotted  as  shaded  rectangles  (olivine,  pyrope,  orthopyroxene, 
diopside  and  phlogopite).  The  P-scale  in  GPa  is  from  Fig.  1  and  the  D/G  (diamond-graphite)  transition  is 
for  a  kimberlite  liquidus  temperature  (1500-1600°C).  Generalised  vectors  indicate  the  direction  that 
various  parameters  would  affect  bulk  composition:  P  pressure,  carbonatite  (dolomitic)  addition  to  the 
source,  olivine  addition,  increasing  degree  of  olivine  crystallization  and  alteration.  Alteration  would 
reduce  the  MgO/Si02  ratio,  Mg  is  mobile  and  Si  would  be  residual,  and  reduce  the  CaO/(CaO+Al2O0 
ratio,  Ca  is  mobile  and  A1  residual.  To  exclude  effects  of  alteration  and  carbonatization  the  data  have 
been  screened  to  include  samples  where  LOI  <  15wt%  and/or  C02  <  10wt%. 
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Regional  variation  in  mantle  heat  flow  within  the  Tanzanian  Craton 

Tainton,  Kenneth  M.1,  Seggie,  Amanda  G.1,  Bayly,  Barry  A.2,  Tomlinson,  Ian3,  Quadling,  Kevin  E.1 

1.  Anglo  American  Research  Labs.  (Pty)  Ltd.,  PO  Box  106,  Crown  Mines,  2025,  South  Africa 

2.  De  Beers  Prospecting  Botswana  (Pty)  Ltd.,  PO  Box  90,  Lobatse,  Botswana 

3.  TANEX  Ltd.,  P.O.  Box  9020,  Dar  Es  Salaam,  Tanzania. 

Regional  exploration  of  central  Tanzania  in  the  early  Twentieth  Century  resulted  in  the  discovery  of 
numerous  kimberlites,  culminating  in  the  discovery  of  the  Mwadui  pipe  by  Williamson  in  1940.  Although 
diamonds  are  present  in  several  other  intrusions,  none  have  been  shown  to  be  of  economic  significance. 
Petrographically,  these  are  typical  Group- 1  monticellite  kimberlites,  and  occur  as  crater,  diatreme  and 
hypabyssal  facies  intrusions.  The  available  geochronological  database  for  the  Tanzanian  kimberlite  province 
is  scanty.  The  Mwadui  kimberlite  has  been  dated  at  41  ±2  Ma,  whereas  the  Nzega  kimberlite  has  been  dated 
at  53  ±7  Ma  (Davis,  1977).  In  the  course  of  this  study,  it  has  been  assumed  that  the  central  Tanzanian 
kimberlite  province  represents  a  coherent  suite  of  intrusions  emplaced  over  a  restricted  time  period. 

TANEX  Ltd.,  a  subsidiary  of  De  Beers  Consolidated  Mines  Ltd.,  embarked  on  a  prospecting  programme 
over  a  licence  area  of  approximately  24  000  km",  centred  on  the  Mwadui  kimberlite,  in  1992.  Recent 
sediments  deposited  by  the  greater  Lakes  Victoria  and  Eyasi  overlie  much  of  the  area  prospected  (Fig.  1). 
Numerous  kimberlite  intrusions  have  been  discovered  through  detailed  loam  sampling  and  aeromagnetic 
surveys.  Treatment  of  drill-chip  and  core  samples  from  selected  intrusions  yielded  representative  indicator 
mineral  populations  for  further  study. 

The  garnet  population  recovered  from  the  Mwadui  kimberlite  is  comprised  of  a  dominant  G09  lherzolitic 
suite,  with  lesser  G10  garnets  (Fig.  2).  The  compositions  of  the  peridotite  garnets  reflect  a  moderate  degree 
of  depletion  of  the  lithospheric  mantle,  with  strongly  subcalcic  garnets  (<2.0  wt.%  CaO)  being  absent. 
Eclogitic  grains  are  present  in  the  garnet  population,  but  comprise  a  minor  proportion  of  the  overall 
assemblage.  The  major-element  compositions  of  garnets  recovered  from  other  kimberlites  in  central 
Tanzania  are  broadly  comparable  to  those  from  the  Mwadui  kimberlite,  although  the  proportion  of  G10 
garnets  is  generally  lower. 

Selected  peridotitic  garnets  were  analysed  for  trace  elements,  by  LA-ICP-MS.  Ni  concentration  data  for 
these  garnets  were  used  to  calculate  equilibration  temperatures  (Ryan  et  al,  1996).  The  garnet  barometry 
calculations  of  Ryan  et  al  (op  cit)  were  used  to  estimate  the  local  conductive  geotherm  at  the  time  of 
emplacement  of  each  kimberlite  (Fig.  2). 

Trace-element  analyses  of  peridotitic  garnets  from  Mwadui  constrain  a  conductive  geotherm  of  36  mW/m2  at 
the  time  of  kimberlite  emplacement.  The  temperature  interval  over  which  peridotite  entrainment  occurred 
lies  largely  within  the  diamond  stability  field,  which  is  consistent  with  the  known  presence  of  diamond  in 
this  kimberlite.  Analysis  of  garnet  grains  from  a  number  of  intrusions  defining  a  W-E  traverse,  originating 
from  Mwadui,  demonstrated  a  progressive  increase  in  the  conductive  geothermal  gradient  towards  the  east. 
Garnet  concentrates  from  kimberlites  in  the  east  of  the  TANEX  Ltd.  licence  area  define  a  conductive 
geotherm  of  38-40  mW/nr  (Fig.  2,  X005).  This  may  be  correlated  with  shoaling  of  the  lithosphere  on 
approaching  the  margin  of  the  craton. 

Analysis  of  garnets  from  kimberlites  south  of  Mwadui  revealed  a  more  complex  pattern.  This  N-S  traverse 
transects  the  Manonga  Depression,  the  westward  extension  of  the  Eyasi  Basin.  This  depression  is  filled  with 
Quaternary  lake  sediments.  Garnet  populations  from  kimberlites  on  the  northern  flank  of  the  Manonga 
Depression  display  evidence  for  strong  metasomatic  overprinting,  which  prevents  accurate  estimation  of  the 
conductive  geotherm.  However,  the  data  indicate  a  disturbance  of  the  conductive  thermal  profile  observed  at 
Mwadui.  The  majority  of  intrusions  discovered  within  the  axis  of  the  depression  are  free  of  garnet,  with  the 
rare  garnet  populations  recovered  defining  strongly  inflected  geothermal  gradients  (Fig.  2,  XI 00).  The  trace- 
element  chemistry  of  these  grains  is  characteristic  of  fertile  mantle  sources,  indicating  that  the  lithosphere 
underlying  this  region  has  been  extensively  enriched,  or  replaced,  by  fertile  asthenospheric  mantle.  Garnets 
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from  the  Nzega  kimberlites,  intruded  south  of  the  Manonga  Depression,  reflect  a  cratonic  geothermal 
gradient,  although  sampling  of  mantle  peridotite  occurred  predominantly  within  the  graphite  stability  field. 

These  data  strongly  indicate  that  the  Manonga  Depression  is  the  surface  expression  of  a  region  of 
lithospheric  thinning  or  reworking.  By  analogy,  the  increase  in  geotherm  east  of  Mwadui  could  be  attributed 
to  the  approach  to  the  Eyasi  Basin.  The  close  spatial  association  of  the  zone  of  elevated  geothermal  gradient 
with  subsidence  basins  begs  correlation  with  stretching  within  the  East  African  Rift  System.  However,  this 
signature  is  reflected  in  the  garnet  populations  of  kimberlites  inferred  to  have  been  emplaced  at  40-55  Ma. 
Current  models  of  the  development  of  this  rift  indicate  that  southward  extension  of  the  rift  into  Tanzania 
occurred  subsequent  to  5  Ma,  and  that  much  of  the  faulting  has  occurred  within  the  last  1-2  Ma  (Dawson, 
1992,  Foster  et  al,  1997).  Dawson  et  al  (1997)  concluded,  on  the  basis  of  thermobarometry  of  garnet 
peridotite  xenoliths  from  Neogene  volcanics,  that  the  perturbation  of  the  geotherm  in  N.  Tanzania  is  at  an 
incipient  stage.  However  if,  as  indicated  by  the  results  of  this  study,  the  kimberlites  of  central  Tanzania 
represent  the  earliest  manifestation  of  the  East  African  Rift,  fundamental  rethinking  of  the  impetus  for 
development  of  this  rift  system  is  required. 
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Figure  1:  Locality  of  the  TANEX  licence,  showing  the  kimberlites  from  which  garnet  concentrates  were 
recovered.  The  extent  of  recent  sediment  cover  (Tinde  Beds  and  Mbuga  Clay)  is  shown. 
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Figure  2:  Plots  of  Cr203  vs  CaO,  T(Ni2)  vs  Pressure  and  Y  vs.  Zr  for  garnets  from  the  Mwadui,  X005  and  XI 00  kimberlites,  respectively. 
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“Diamonds  are  accidental  inclusions  in  kimberlite  and  thus  are  xenocrysts;  the  association  of  diamond 
and  kimberlite  being  one  of  passenger  and  transporting  vehicle.  ”  H.O.A.  Meyer  (1985) 


The  concept  that  diamonds  originated  in  peridotites  and  eclogites,  and  not  in  the  kimberlites 
where  they  often  occur,  appeared  to  simplify  the  quest  for  understanding  the  formation  of  diamond. 
Further  simplifying  this  quest  was  the  idea  that  diamonds  are  phenocrysts  as  part  of  the  igneous 
assemblage  of  their  host  rocks,  the  peridotites  and  eclogites.  However,  evidence  has  been  mounting 
for  mantle  metasomatism  as  an  additional  controlling  process  in  diamond  formation.  Collectively, 
it  is  evident  that  mantle  metasomatism,  metamorphism,  partial  melting,  and  kimberlite 
metasomatism  may  have  significantly  altered  diamonds  and  their  host  xenoliths;  the  primary 
mineral  chemistry  of  the  host  xenoliths  can  be  virtually  obliterated.  But  the  pristine  inclusions  in 
diamonds  may  hold  the  critical  answers  about  the  formation  and  evolution  of  diamond. 

Mineral  inclusions  in  diamonds,  the  “time  capsules”  of  Bulanova  (1995),  are  effectively 
isolated  from  later  mantle  differentiation  and/or  metasomatism.  These  inclusions  are  snap-shots  of 
their  hosts  and  can  provide  evidence  of  the  chemical  environment  at  the  time  of  their  encapsulation 
by  the  growing  diamond.  Supporting  an  igneous  origin  for  diamond  is  the  observation  that  the  com¬ 
positions  of  many  diamond  inclusions  (DIs)  are  similar  to  those  same  minerals  in  the  host  eclogites 
(Ireland  et  al.,  1994;  Taylor  et  al.,  1996).  However,  there  are  commonly  minor  differences  in 
chemistry  as  a  result  of  metasomatism  and/or  partial  melting  of  eclogites.  As  detailed  in  Table  1, 
Na20  in  Gt  and  K20  in  Cpx  are  slightly  higher  in  the  DI  than  in  the  host  eclogite;  MgO  is  higher 
and  FeO  is  lower  in  the  host  Gt  &  Cpx.  Na20  is  higher  in  the  host  Cpx.  Inasmuch  as  K  in  diamond 
appears  to  be  a  function  of  P  (Harlow  &  Veblen,  1991),  the  core  to  rim  decrease  in  K20  may  reflect 
a  decrease  in  P  during  diamond  growth.  Furthermore,  multiple  DIs  of  Gt  and  Cpx  commonly  have 
identical  major  and  trace  element  contents  supporting  rapid,  uninterrupted  growth-mode  for 
diamond. 

FIG.  1.  CL  Image  of  Diamond 
Mir-1572  displaying  3  main 
growth  zones.  CENTRAL 
ZONE  has  octahedral  shape 
and  yellow  CL  color;  it  is 
inhomogeneous  internally,  but 
has  few  growth  layers  towards 
the  margin.  INTERMEDIATE 
ZONE,  with  blue  color, 
consists  of  Fine  growth  layers 
of  octahedral  shape;  in  the 
early  part  of  this  Zone,  growth 
oscillated  with  periods  of 
resorption  at  the  corners.  The 
RIM  ZONE  is  wide  and 
homogeneous  with  dark-blue 
CL  color.  The  Cpx  grains  are 
numbered,  corresponding  to 
analyses  in  Table  2. 


In  contrast,  there  is  an  increasing  body  of 
data  indicating  notable  differences  among 
multiple  DIs  from  the  same  diamond  (e.g., 
Bulanova  et  all  1986,  1995;  Griffin  et  al, 
1993;  Sobolev  et  al.,  1996).  In  fact, 
compositions  of  multiple  DIs  can  differ  so 
markedly  that  they  may  indicate  mixed 
inclusion  paragenesis  (peridotite  +  eclogite) 
within  a  single  diamond  (e.g.,  Prinz  et  al., 
1975).  Rudnick  et  al.  (1992)  determined 
substantial  differences  in  Pb  isotopes  in  sulfides  from  three  growth  zones  in  a  diamond  and 
proposed  drastic  changes  between  each  stage,  an  interpretation  subsequently  simplified  by  Bulanova 
et  al.  (1996),  based  upon  a  detailed  trace-element  study.  Basically,  diamonds  with  simple  internal 
structures,  represented  by  the  ‘stratigraphy’  of  Harrison  and  Tolansky  (1964),  which  are  consistent 
with  continuous  single-stage  growth,  show  little  variation  in  DI  chemistry,  whereas  those  with 
complex  growth  and  resorption  zonations  contain  DIs  with  a  relatively  wide  range  in  trace-element 
composition.  This  statement  is  the  result  of  detailed  sulfide,  oxide,  and  silicate  DI  trace-element 
studies  (Bulanova,  1995;  Bulanova  et  al.,  1996).  It  appears  that  DI  chemistry  and  diamond 
stratigraphy  represent  changes  in  the  chemical  environment  as  crystallization  of  the  diamond 
progressed,  and  resulted  in  the  observed  discontinuous  growth  and  chemical  variations. 


TABLE  1.  Cpx  Chemistry  of  DIs  &  Host  Eclogites 


DIs  Mir-1572 

[This  study] 

DI  /  Host 

[Taylor  et  al.,  1996] 

MgO 

FeO 

Na20 

K20 

TiO, 

A:  Core  to  Rim  (%) 

Increase  j  8.65-10.7 
Decrease  5.33-5.14 
Increase  5. 3-5. 6 

Decrease  ,  0.20-0.13 
Increase  |  0.2-0. 5 

A:  DI  to  Host  M-46  (%) 

Increase  !  8. 7-9.0 

Decrease  5. 1-4.3 

Increase  6. 1-6.4 

Decrease  .  0.31-0.09 

Increase  [  0.46-0.52 

RESULTS:  In  a  further  attempt  to  investigate  the 
environment  for  diamond  formation  and  growth,  we 
have  examined  Cpx  and  Gt  inclusions  in  Type  E 
diamonds  from  the  Mir  kimberlite.  Their  major- 
element  chemistry  is  presented  in  Table  2.  Mir 
diamond  1572  has  a  complex  zonation  (Fig.  1)  with 
multiple  inclusions  of  Cpx.  The  three  Cpx  grains  in 
the  core  (#1,3,4)  have  identical  chemistry,  whereas 
the  Cpx  from  the  rim  (#2)  has  a  distinctly  different 
composition,  similar  to  the  results  of  Bulanova 
(1995). 


TABLE  2.  Inclusion  Chemistry  from  Mir  Diamonds 


1  Core 

Mir-151 

3  Core 

72  Cpx 

4  Core 

2  Rim 

Mir-1 1  ( 

1  Rim 

58  Cpx 

2  Rim 

Si02 

.55.1  (2) 

54.8  (1) 

54.9  (1) 

55.1  (1) 

54.9(1) 

55.0(1) 

Ti02 

0.21  (3) 

0.20  (1) 

0.23  (1) 

0.52  (3) 

0.67(1) 

0.65(3) 

A!2C>3 

11.1  (1) 

11.1  (1) 

11.0  (1) 

8.56  (5) 

8.97(6) 

9.04(4) 

Cr2C>3 

0.10  (1) 

0.12  (1) 

0.10  (1) 

0.09  (3) 

0.09(2) 

0.08(2) 

MgO 

8.67  (2) 

8.70  (1) 

8.62  (5) 

10.7  (1) 

0.09(2) 

9.95(4) 

CaO 

12.9  (3) 

12.9  (1) 

12.8  (1) 

13.2  (1) 

12.8(1) 

12.8(1) 

MnO 

0.06  (2) 

0.05  (1) 

0.12  (2) 

0.06  (2) 

0.07(2) 

0.07(1) 

FeO 

5.33  (9) 

5.26  (3) 

5.36  (2) 

5.14  (5) 

5.76(2) 

5.68(1) 

Na20 

5.34  (3) 

5.29  (7) 

5.29  (6) 

5.59  (8) 

5.72(8) 

5.79(1) 

K20 

0.23  (1) 

0.20  (1) 

0.18  (1) 

0.13  (1) 

0.18(1) 

0.17(1) 

Total 

99.0 

98.7 

98.9 

99.1 

99.2 

99.2 

FIGURE  2.  REE  Contents  of  Diamond 
Inclusions  and  an  Eclogite  Host.  Note  that 
metasomatism  of  the  M-1572  Core  DI  could 
result  in  the  LREE  enrichment  shown  by  M- 
1572  Rim  DI.  In  contrast,  partial  melting  of  the 
very  LREE-rich  M-46  DI  could  result  in  the  M- 
46  Host  pattern.  That  is,  for  these  Mir  samples, 
there  is  a  commonality  of  the  late-stage 
compositions.  M-46  DI  and  Host  data  from 
Taylor  et  al.  (1996). 
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When  the  core-Cpx  chemistry  is  compared  to  that  in  the  rim-Cpx,  some  interesting  differences  are 
obvious,  as  noted  in  Table  1.  These  chemical  changes  from  the  core-  to  the  rim-Cpxs  are  in  the 
same  direction  and  similar  in  magnitude  to  the  changes  observed  in  Cpx  DIs  versus  their  host 
eclogites  (Table  1),  as  reported  by  Taylor  et  al.  (1996).  The  agreement  in  trends  shows  that  these 
changes  of  chemistry  took  place  during  continuous  growth  of  the  diamond ,  and  that  eclogitic 
diamonds  in  kimberlites  are  xenocrvsts  derived  from  diamondiferous  eclogites. 

With  the  Mir  1572  DIs  (Fig.2),  the  rim-Cpx,  with  its  enriched  LREEs,  represents  an  environment 
which  has  been  significantly  metasomatized  versus  that  for  the  core-Cpxs.  Although  the  major- 
element  chemistry  of  the  DI  Cpx  versus  the  host  Cpx  of  M-46  (Table  1)  is  in  the  exact  same 
direction  as  that  for  core-  versus  rim-Cpx  DIs  in  Mir  1572,  the  REE  patterns  (Fig.  2)  show  that  the 
host  Cpx  would  appear  to  have  been  partially  melted  relative  to  the  DI.  It  would  appear  that  the 
late-stage  DI  in  Mir  1572  and  the  host  of  M-46  have  come  to  a  common  chemistry,  both  situations 
representing  the  later  stages  of  diamond-growth  environment.  It  is  probable  that  the  Mir  1572 
diamond  experienced  discontinuous  growth  over  an  extended  period  of  time,  perhaps  over  many 
millions  of  years.  This  evolution  of  compositions  of  the  Cpx  DIs  from  core  to  rim  is  contrary  to  that 
expected  from  igneous  crystallization.  Indeed ,  it  is  probable  that  later  growth  of  the  outer  portions 
of  the  diamond  formed  after  xenolith  crystallization  and  involved  C-  and  N-bearing  fluids ,  such  as 

those  suggested  by  Deines  and  Harris  (1994)  and  Stachel  and  Harris  (1997). 
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In  continental  settings,  alkaline  rocks  are  known  from  rift-zones,  post-collisional  continental 
margins,  ancient  orogenic  zones  and  the  interiors  of  cratons  stabilized  in  the  Precambrian. 
Although  often  volumetrically  small,  alkaline  rock  complexes  are  of  considerable  economic 
significance  yielding  important  deposits  of  rare  metals  (e.g.  Nb,  Zr,  REE)  and  industrial 
minerals  (e.g.  fluorite,  apatite).  On  a  regional  or  province  scale,  alkaline  rocks  of  direct  upper 
mantle  derivation,  such  as  kimberlite  and  olivine  lamproite,  are  often  spatially,  but  not 
necessarily  temporally,  associated  with  differentiated  alkaline  rock  complexes  that  may  include 
peralkaline  granite,  syenite,  and  carbonatite.  Continental  regions  that  are  host  to  kimberlites 
and  lamproites  typically  have  been  the  focus  of  a  number  of  alkaline  magmatic  events  through 
time.  Age  relationships  of  alkaline  rocks  can  therefore  provide  important  insights  into  their 
petrogenesis,  tectonic  setting  and  the  history  of  the  subcontinental  mantle  from  which  they 
ultimately  originated. 

On  a  global  scale,  it  has  been  shown  that  alkaline  magmatism,  and  in  particular  kimberlitic 
magmatism,  is  most  strongly  concentrated  during  certain  periods  of  Earth  history.  Because  of 
the  availability  of  several  recent  compilations  containing  age  data  for  alkaline  rock  complexes 
and  the  availability  of  new  high  precision  kimberlite  dates  (e.g.  SHRIMP  perovskite  dating),  a 
global  database  has  been  assembled  in  order  to  determine  whether  there  are  specific  periods  or 
patterns  of  alkaline  magmatism  through  time  and  whether  there  is  a  temporal  relationship 
between  felsic  and  carbonatitic  alkaline  magmatism  and  more  deep-seated  kimberlite 
magmatism. 


Figure  1A.  Age  spectrum  of  alkaline  igneous  complexes 


Figure  IB.  Age  spectrum  of  kimberlite  diatremes 
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The  results,  displayed  in  Figure  1A,  show  a  remarkable  -700  Ma  cyclicity  in  alkaline 
magmatism  and  an  approximately  exponential  increase  in  the  extent  of  alkaline  magmatism 
since  the  late  Archean.  This  may  in  part  reflect  poor  preservation  of  older  alkaline  complexes 
but  also  may  relate  to  the  relative  abundance  of  thick,  cool  subcontinental  lithosphere  and 
overall  cooling  of  the  mantle  with  time,  both  of  which  would  favour  production  of  small- 
degree,  volatile-rich  mantle  melts.  The  -700  Ma  cycles  appear  to  be  comprised  of  three  phases 
of  magmatism  that  may  relate  to  the  mantle-driven  formation  and  break-up  of  supercontinents. 
The  post-800  Ma  cycle  is  more  complex  than  the  older  cycles  but  can  be  resolved  into  two 
complete  cycles  offset  by  -150  Ma  plus  the  ‘tail’  of  a  third,  more  recent,  cycle.  There  are 
major  peaks  in  alkaline  magmatism  at  -2.55,  1.85,  1.17  and  0.45-0.35  Ga  [Phase  O]  which  are 
dominated  by  rocks  of  potassic  or  shoshonitic  character  and  appear  to  correspond  to  the  ‘post- 
collisional’  period  immediately  following  major  global  orogenies  at  -2.7  Ga  (Late  Archean), 
-1.9  Ga  (Early  Proterozoic),  -1.3- 1.2  Ga  (Grenvillean),  -0.5-0. 4  Ga  (Pan- African, 
Caledonian).  Strong  peaks  in  alkaline  magmatism  at  -2.4,  1.7,  1.05  and  0.23-0.16  Ga  [Phase 
R]  may  correspond  to  periods  of  intracontinental  rifting  within  the  supercontinents.  A  more 
extended  phase  of  alkaline  magmatism  [Phase  C],  often  of  carbonatitic  character,  at  -2.05, 
1.35,  0.7-0.55  and  0.13-0.05  Ga  may  be  linked  to  the  latter  part  of  supercontinent  break-up  and 
drift  of  rifted  continental  fragments. 

With  the  exception  of  -820  Ma  North  Australian  kimberlites,  global  peaks  in  kimberlitic 
magmatism  seem  to  correspond  to  peaks  in  alkaline  magmatism  which  involve  Phase  R  but 
perhaps  slightly  offset  to  older  or  younger  ages  depending  on  geographic  location  (Fig.  IB). 
There  are  well  recognized  peaks  at  -1.7  Ga,  1.15  Ga,  0.95  Ga,  0.4-0.35  Ga  and  0.2-0.08  Ga. 
Interestingly,  kimberlites  are  not  known  from  the  Proterozoic  periods  corresponding  to  Phase 
C  (dominantly  carbonatitic)  alkaline  magmatism. 

The  cyclicity  of  alkaline  magmatism  since  the  late  Archaen  suggest  control  by  global  tectonic 
processes  involving  formation  and  destruction  of  supercontinents.  Kimberlite  genesis  seems  to 
be  linked  to  specific  intervals  in  the  cycles  of  general  alkaline  magmatism. 
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New  calibrations  of  the  olivine-spinel  oxygen  sensor  and  Fe-Mg  exchange  thermometer, 
corrected  for  the  effect  of  Ti  (Taylor  et  al.,  1998),  have  been  applied  to  magmatic  Ti-rich 
chromian  spinels  from  the  Ellendale  and  Argyle  olivine  lamproite  pipes  (Kimberley  region, 
Western  Australia)  in  order  to  place  quantitative  constraints  on  their  crystallization  histories. 
Previous  investigations  of  magmatic  spinels  from  various  lamproites  have  shown  that 
lamproitic  magmas  generally  evolve  from  reduced  {O2  conditions  near  or  below  the  MW 
buffer  towards  more  oxidized  conditions  at  fC>2  >FMQ  (e.g.  Prairie  Creek,  S.E.  Spain 
lamproites,  Ellendale  pipe  4;  Mitchell  and  Bergman,  1991).  However,  in  some  cases,  notably 
Argyle  and  the  Metters  Bore  lamproite  (Jaques  et  al.,  1989;  Hwang  et  al.,  1994),  there  has  been 
no  significant  late-stage  oxidation  and  the  magmas  have  remained  reduced  through  their 
crystallization  interval.  No  explanation  for  these  differences  has  been  proposed,  in  part, 
because  detailed  quantitative  T-fC>2  data  has  been  lacking.  It  has  been  speculated  that  the 
maintenance  of  low  f02  conditions  during  magmatic  crystallization  could  favour  preservation 
of  diamonds  and  so  affect  diamond  grade. 

For  this  investigation  over  200  WDS  microprobe  analyses  of  groundmass,  and  olivine-  or 
phlogopite-included  chromian  spinels  were  undertaken.  Samples  included  olivine  lamproite 
from  the  magmatic  cores  of  four  Ellendale  pipes  (No.s  4,  7,  9  and  1 1)  and  tuffaceous  lamproite 
and  olivine-phlogopite  lamproite  (late-stage  dykes)  at  Argyle.  At  Argyle,  diamond  grades  vary 
from  >500  ct/lOOt  in  the  Sandy  tuff  to  <100  ct/lOOt  in  the  Non-Sandy  tuff.  The  magmatic 
Ellendale  lamproites  are  relatively  diamond  poor  with  average  grades  near  0.5  ct/lOOt  for  pipe 
No.s  4,  7,  11  and  0.4-2. 3  ct/lOOt  for  the  No. 9  core. 

Spinel  compositions  in  the  olivine  lamproites  range  from  titanian  aluminous 
magnesiochromites  (TMAC)  with  cr#  70-90,  mg#  >60  through  titanian  magnesiochromite 
(TMC)  with  cr#  >90,  mg#  30-60  to  titanian  chromian  magnetite  (TCM)  or  titanomagnetite  (as 
rims  with  up  to  20wt%  TiC>2)  in  the  most  oxidized  systems.  Where  possible  coexisting  olivine 
grains  were  analysed,  and  in  cases  where  olivine  could  not  be  determined,  this  data  provided 
sufficient  coverage  to  enable  estimation  of  olivine  composition  (mostly  Fo  91.5±1.0). 
Temperatures  calculated  with  the  olivine-spinel  thermometer  range  from  =1200°C  for  near 
liquidus  TMAC  grains  to  =700°C  for  late-crystallizing  TMC  and  TCM  grains.  These  latter 
grains  have  presumably  re-equilibrated  to  subsolidus  conditions.  Oxygen  fugacity  was 
calculated  with  the  equations  of  Taylor  et  al  (1998)  using  a  silica  activity  value  appropriate  for 
lamproitic  magmas  (0.6  log  units  below  the  Fo-En  silica  buffer;  cf.  Mitchell  and  Bergman, 
1991).  The  results  shown  in  Figures  1  to  3  reveal  several  interesting  features: 

(1)  Tuffaceous  and  late  magmatic  lamproites  from  Argyle  (Fig.  1)  have  crystallized  under 
relatively  uniform,  reduced  f©2  conditions  of  IW+2  to  IW+3  log  units.  There  is  no  late-stage 
evolution  to  more  oxidized  conditions.  The  shape  of  the  T-fC>2  curve  suggests  oxidation  state 
control  by  internal  buffering  equilibria  between  silicate,  oxide  and  melt  phases. 

(2)  Ellendale-9  (Fig. 2)  and  to  a  lesser  extent  Ellendale-4  and  -11  olivine  lamproites  have 
evolved  from  reduced  to  more  oxidized  conditions.  Spinels  recording  high  temperature,  near 
liquidus  conditions  are  relatively  uncommon  compared  to  lower  temperature  spinels 
suggesting  extensive  re-equilibration  during  cooling.  Magma  ponding  in  large  near-surface 
bodies  followed  by  a  protracted  cooling  period  and  perhaps  ingress  of  meteoric  fluids  is  most 
likely  responsible  for  late  oxidation  in  these  lamproites. 

(3)  Ellendale-7  (Fig. 3)  shows  a  crystallization  history  similar  to  that  of  Argyle.  The  geometry 
of  the  Ellendale-7  magmatic  core  appears  to  be  distinct  from  the  other  Ellendale  pipes  (Jaques 
et  al.,  1986)  and  no  significant  bodies  of  ponded  magma  may  have  been  present. 
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Fig.  1  Argyle 


Fig. 2  Ellendale-4  and  Ellendale-9 
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Fig. 3  Ellendale-7  and  Ellendale-11 

O  Ellendale-7 
♦  Ellendale-11 


600  700  800  900  1000  1  100  1200  1300 

T(olv-sp)  °C 

Figures  1-3 

Log(fC>2)  vs  T(olivine-spinel)  diagrams  (calculated  for  P  =  latm)  showing  T-fC>2  evolution  of  the  Argyle 
and  Ellendale  olivine  lamproites  relative  to  the  FMQ  reference  buffer.  Curves  for  the  MW  and  IW 
reference  buffers  also  shown. 
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The  results  indicate  that  the  primary  magmatic  oxidation  state  of  the  Ellendale  and  Argyle 
olivine  lamproites  is  relatively  reduced  (f02  -IW+2).  There  is  no  apparent  evidence  of  a 
correlation  between  T-fC>2  history  of  the  magma  and  measured  diamond  grade. 
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New  Fe-Mg  exhange  thermometers  and  oxygen  sensors  have  been  developed  for  high  pressure 
peridotitic  assemblages  that  include  ilmenite  and/or  chromian  spinel.  The  calibrations  are 
based  on  new  experimental  work  to  3.5  GPa  designed  to  investigate  f02  and  temperature 
sensitive  equilibria  in  which  the  effects  of  Cr203  (eskolaite)  substitution  in  ilmenite  and  Ti 
substitution  in  chromian  spinel  have  been  specifically  considered.  These  substitutions  are 
important  in  mantle-derived  ilmenite  and  chromite  solid  solutions,  particularly  those  associated 
with  diamond-facies  peridotite.  The  results  show  that  eskolaite  substitution  in  ilmenite  has  a 
significant  effect  on  olivine-ilmenite  Fe-Mg  temperature,  in  fact,  compared  to  the  new 
calibration,  older  calibrations  yield  T  differences  of  up  to  several  hundred  °C.  These  results 
suggest  that  Cr-rich  ilmenites  are  likely  to  be  of  higher  P,T  origin  than  previously  assumed. 
For  spinel-bearing  assemblages,  the  effect  of  Ti  substitution  in  spinel  was  found  to  have  a 
relatively  small  effect  on  fC>2  and  Fe-Mg  temperature,  however,  the  new  olivine-spinel  oxygen 
sensor  and  thermometer  calibrations  have  resulted  in  an  improved  fit  to  existing  experimental 
data.  The  new  calibrations  offer  advances  in  defining  the  temperature  and  redox  conditions 
favourable  for  diamond  stability  in  the  upper  mantle  and  as  such  may  be  usefully  applied  to 
‘diamond-indicator’  mineral  and  xenolith  suites  sampled  by  kimberlite  and  other  rocks  of 
deep-seated  origin. 

Olivine-ilmenite  Fe-Mg  exchange  thermometer  : 

T(K)  =  [  -13715  +  P-AV  +  3785*(2Xfa-l)  +  2830(Xgk-Xiim)  -  19560-Xhem 
-  7840-Xesk  +  45122-Xhem-Xesk  ]  /  [2.231  -  R-lnKd  ] 

AV  =  0.01  l*(Xgk-Xilm)  -  0.047  +  0.015-(2Xfa-l)  Xesk  =  mole  fraction  eskolaite 

Kd  =  [Xfo'Xilm]  /  [Xfa’Xgk]  Xhem  =  mole  fraction  hematite 

Olivine-spinel  Fe-Mg  exchange  thermometer  : 

T(K)  =  [  15180  -h  0.022-P  +  (7000  +  0.01  l-P)-(l-2Xfa)  -  2515*(l-2XFe-sp) 

+  15550-Ycr  +  20390-(YFe3  +  YtO  ]  /  [  R-lnKd  +  9.953  ] 

Kd  =  [Xfo-XFe-sp]  /  [Xfa-XMg-sp]  YCr  =  Cr  /  (Cr  +  A1  +  Fe3  +  2Ti) 

XFe-sp  =  Fe2/(Mg  +  Fe2)  Yji  =  2Ti  /  (Cr  +  A1  +  Fe3  +  2Ti) 

Ilmenite-Olivine  oxygen  sensor: 

Alog(f02)™Q  =  1611/T+  1.123 -0.057*(P/T)  +  2»log(aSiO2)  +  2*log(Xhem) 

-  (2098/T)-Xgk-Xilm  -  (3876/T)-Xesk  +  (3410/T)-Xhem 
(P  in  bars,  T  in  K)  -  4*log(l-Xfo)  -  (2826/T)*(Xfo)2 

Spinel-Olivine  oxygen  sensor: 

Alog(f02)FMQ  =  4.426  -  1895/T  -  0.037*(P/T)  +  3-log(aSi02)  -  6-log(l-Xf0) 

-  (4239/TMXfo)2  +  2*log(XFe-sp)  +  4-log(YFe3) 

(P  in  bars,  T  in  K)  +  (4270/T)-(Ya1)2  +  (4626/T)-(YTi)2 

Silica  activity  expression  (best  fit)  for  peridotitic  assemblages: 

log(aSi02)olv-°Px  =  -15.68/T  -  0.165  -  0.0087<P/T)  +  2-log(Xen)  -  2*log(Xf0) 
-(1413/THl-Xfo)2 

where  Xen  is  calculated  from  experimental  Fe-Mg  partitioning  relationships  as  follows: 

Xen  =  A*e6  /  (1  +  A*eB)  where  A  =  Xfo  /  (1-Xfo)  and  8  =  134/T  -  0.078  +  0.00274P/T ). 
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Group  II  kimberlites  were  defined  by  Smith  (1983)  and  Smith  et  al.  (1985a)  as  a  variety  of 
micaceous  kimberlite  with  distinctive  geochemical  and  isotopic  characteristics.  Group  II 
kimberlites  have  not  been  unequivocally  recognized  outside  southern  Africa.  Such  rocks  are 
believed  to  be  derived  from  (or  at  least  include  a  component  of)  an  ancient  lithospheric  mantle 
source  in  contrast  to  the  ‘asthenospheric’  source  characteristics  of  Group  I  serpentine-calcite 
kimberlites.  Mitchell  (1995)  has  recently  proposed  that  Group  II  kimberlites  represent  a 
separate  magma  type  and  that  they  are  sufficiently  distinctive,  petrographically  and 
mineralogically,  to  warrant  the  new  rock  name  ‘orangeite’. 

Mitchell  (1995)  identifies  a  number  of  mineralogical  criteria  which  characterize  orangeites, 
these  include  the  presence  of:  (i)  abundant  phlogopite  as  macrocrysts,  phenocrysts  and 
groundmass  grains  showing  compositional  zonation  from  phlogopite  to  tetraferriphlogopite; 
(ii)  rounded  olivine  macrocrysts  and  magnesian  (typically  Fo  91-93)  euhedral  primary  olivine 
phenocrysts;  (iii)  primary  groundmass  diopside;  (iv)  spinel  of  magnesiochromite  to 
titanomagnetite  composition;  (v)  Sr-  and  REE-rich  perovskite;  (vi)  Sr-rich  apatite;  (vii) 
various  titanate  minerals  and  Mn-rich  ilmenite.  Phases  absent  from  orangeites,  compared  to 
Group  I  kimberlites,  are  monticellite,  magnesian  ulvospinel  and  Ba-rich  phlogopite. 

Although  Group  II  kimberlites  appear  to  be  confined  to  southern  Africa,  there  are  a  number  of 
examples  of  diamondiferous  micaceous  kimberlite  from  other  cratonic  regions,  e.g.  the  Aries 
kimberlite  of  northwest  Australia  (Edwards  et  al.,  1992),  which  appear  to  have  at  least  some 
mineralogical  characteristics  in  common  with  orangeites.  In  southern  Africa  a  few  micaceous 
kimberlites  with  Group  I  isotopic  signatures  have  been  recognized,  e.g.  the  Jagersfontein 
kimberlite  (Smith  et  al.,  1985a).  Such  kimberlites  would  be  described  as  ‘non-archetypal’  in 
the  terminology  of  Mitchell  (1995).  Because  the  detailed  mineralogy  of  these  kimberlites  are 
poorly  known,  we  have  examined  in  some  detail  a  petrographically  fresh  example  of 
Jagersfontein  kimberlite  (Jl)  sampled  from  old  mine  workings.  An  important  aim  of  this 
investigation  was  to  establish  the  robustness  of  Mitchell’s  mineralogical  criteria  for 
identification  of  orangeites,  i.e.  mineralogically,  how  easily  can  non-archetypal,  micaceous 
Group  I  kimberlites  be  confused  with  orangeites? 

The  Jagersfontein  kimberlite  pipe  is  located  on  the  southern  margin  of  the  Kaapvaal  craton 
and  has  been  dated  at  86  Ma  (Smith  et  al.,  1985b).  It  is  a  well  known  locality  for  peridotitic 
and  eclogitic  mantle  xenoliths.  Some  of  these  appear  to  have  been  sampled  from  the  deeper 
upper  mantle  and  transition  zone  (Sautter  et  al.,  1991)  suggesting  the  kimberlite  magma 
originated  at  depths  >300km.  As  with  other  Group  I  kimberlites,  Jagersfontein  hosts  a  variety 
of  megacryst  minerals  including  a  Cr-poor  megacryst  suite,  although  ilmenite  is 
uncharacteristically  absent  (Hops  et  al,  1992).  Jagersfontein  is  also  a  well  known  locality  for 
exotic  titanate  minerals  which  occur  in  mineral  concentrates;  they  are  probably  derived  from 
disaggregated  metasomatic  peridotites  (Haggerty,  1983).  Although  much  is  known  about  the 
xenoliths  and  xenocrysts  from  the  Jagersfontein  kimberlite,  little  detailed  information  is 
available  on  the  nature  of  the  host  kimberlite  itself. 

Kimberlite  sample  Jl  contains  abundant  rounded  olivine  macrocrysts  (up  to  ~1  cm  size). 
Some  of  the  macrocrysts  contain  inclusions  of  Cr-spinel  or  Cr-diopside  attesting  to  their 
xenolithic  origin,  presumably  as  disaggregated  mantle  wall-rock  peridotites.  Rounded 
phlogopite  macrocrysts  are  relatively  common.  Carbonate-phlogopite-serpentine  and 
glimmerite  xenoliths,  up  to  ~1  cm  size  and  of  uncertain  origin,  are  also  present.  Phenocrysts 
and  microphenocrysts  comprise  largely  subhedral  olivine,  now  mostly  converted  to 
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serpentine,  and  lesser  phlogopite.  These  are  set  in  a  groundmass  composed  dominantly  of 
mica,  with  less  abundant  perovskite,  opaque  oxides,  diopside,  apatite,  serpentine  and  calcite. 
On  face  value  this  petrographic  description  appears  much  closer  to  orangeite  than  to  Group  I 
kimberlite.  Details  of  phase  chemistry  also  reveals  similarities  with  orangeite.  SEM  studies 
indicate  that  groundmass  mica  laths  are  zoned  with  phlogopite  cores  and  relatively  thin 
tetraferriphlogopite-rich  rims.  The  phlogopite  compositional  trends,  shown  in  Figure  1,  are 
essentially  identical  to  those  found  in  orangeite;  BaO  and  Ti02  contents  are  low.  Groundmass 
diopside  (mg#  89-96,  TiC>2  0.3-0.8  wt%,  AI2O3  <0.3  wt%,  Na20  <0.6  wt%)  is  relatively 
common  as  small  prismatic  grains  (<60  microns  in  size)  which  may  occur  as  inclusions  in 
phlogopite.  Compositionally,  the  diopside  seems  to  be  identical  with  iron-poor  clinopyroxene 
from  orangeite  and  with  some  clinopyroxenes  from  kimberlite  (Mitchell,  1995).  There  is  no 
evidence  that  the  diopside  has  formed  as  a  result  of  contamination  of  the  magma  with 
siliceous  material. 


Fig.1  Jagersfontein  Phlogopite  Compositions 


Among  the  accessory  phases,  the  Jagersfontein  kimberlite  contains  high-Sr  fluorapatite  (2.5- 
5.5  wt%  SrO)  very  similar  to  those  occurring  in  orangeite  and  distinct  from  the  Sr-poor  apatite 
(SrO  <1  wt%)  believed  to  be  characteritic  of  kimberlite  (Mitchell,  1995).  Perovskite, 
however,  is  relatively  poor  in  SrO  (~0.3  wt%)  and  in  Ce203  (1.0-2. 5  wt%)  but  richer  in 
Nb205  (0.8- 1.2  wt%)  compared  to  that  occurring  in  most  orangeites.  The  groundmass  opaque 
oxide  phases  consist  of  magnetite-rich  titanian  magnesian  chromite  (cr#  -86)  and 
titanomagnetite  (-7  wt%  Ti02)  which  are  identical  to  the  spinel  compositions  considered 
characteristic  of  orangeites.  No  unusual  titanate  phases  or  Mn-rich  ilmenite  were  encountered. 
In  terms  of  olivine  compositions,  macrocrysts  range  from  Fo  90-94  and  phenocrysts  and 
microphenocrysts  are  generally  more  iron-rich  with  a  Fo  86-92  range.  These  ranges  are  most 
similar  to  those  found  in  Group  I  kimberlites  (Mitchell,  1995). 

In  summary,  the  Jagersfontein  micaceous  kimberlite  has  petrographic  and  mineralogical 
features  in  common  with  both  orangeites  and  archetypal  kimberlites  yet  it  isotopically  belongs 
with  Group  I  kimberlites.  In  terms  of  mineral  chemistry  alone  it  would  probably  be  classified 
(incorrectly)  by  most  petrologists  as  an  orangeite,  albeit  an  atypical  one.  It  is  our  view  that 
the  mineralogical  criteria  used  to  establish  orangeite  as  a  separate  rock  species  may  not  be 
sufficiently  robust  to  allow  discrimination  of  orangeite  from  other  varieties  of  micaceous 
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kimberlite.  This  is  a  particularly  important  consideration  when  dealing  with  kimberlites  from 
parts  of  the  world  other  than  southern  Africa  because,  on  other  cratons,  micaceous  kimberlites 
of  Group  I  affinity  seem  to  be  relatively  common  whereas  orangeites  are  rare  or  nonexistent. 
Convergence  of  mineralogical  composition,  which  essentially  reflects  major  and  minor 
element  abundances  in  the  rock  and  its  crystallization  history,  is  to  be  expected  for  broadly 
compositionally  similar  (but  not  necessarily  genetically  similar)  magmas  emplaced  in  similar, 
high-level  environments.  To  establish  clear  differences  in  magma  type  more  reliance  may 
need  to  be  placed  on  appropriate  trace-element  and  isotopic  geochemical  discriminators, 
although  the  exact  genetic  significance  of  such  differences  is  not  fully  understood  at  this  time. 
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An  extensive  series  of  experiments  in  the  system  C-O-H  fluid  +  graphite  at  2.4  GPa  and 
1000°C  was  undertaken  by  Matveev  et.  al.  (1997).  The  fluids  were  either  unbuffered  or  were 
buffered  by  various  metal-oxide  oxygen  buffers  and  fluid  analyses  were  undertaken  by  a 
capsule  piercing-gas  chromatography  technique.  Numerous  experimental  tests  showed  that  the 
fluid  analyses  reflected  those  of  high-P,T  equilibrium,  i.e.  quench  modification  processes  were 
generally  not  significant  provided  maximum  quench  rates  were  employed.  One  goal  of  these 
experiments  was  to  develop  an  equation  of  state  (EOS),  or  modify  an  existing  EOS,  for 
supercritical  C-O-H  fluids  in  order  to  better  estimate  species  activities  and  distributions  under 
upper  mantle  P,  T,  f02  conditions. 

We  have  compared  a  number  of  equations  of  state  for  supercritical  C-O-H  fluids  and  found 
that  the  5-parameter  Modified-Redlich-Kwong  (5PMRK)  EOS  of  Taylor  (1989),  using 
standard  mixing  rules,  provides  the  best  fit  to  the  experimental  data.  The  5PMRK  EOS  has  the 
form: 


P  =  [R-T.(l+  y  +  y2  -  y3)]  /  [Vm-(l-y)3]  -  [(ai  +  a2/Vm  +  a3/Vm2)]  /  [Ti/2.vm.(vm+b)] 

b  =  b]  +  b2/T  Vm  =  molar  volume  (cm3moH)  T  =  temperature  (K) 

y  =  b  /  4Vm  P  =  pressure  (bar)  R  =  83.143  cm3barK-1  mol*1 

a  =  3-term  attractive  MRK  parameter  b  =  2-term  repulsive  MRK  parameter 


Although  good  agreement  was  found  for  major  fluid  species  such  as  H20  and  CH4,  calculated 
abundances  for  the  minor  species  H2  and  C2H6  were  found  to  be  too  low  by  -25%.  In  an 
attempt  to  achieve  better  agreement  with  the  experimental  data,  but  by  a  method  independent 
of  the  experiments,  the  MRK  parameters  for  both  H2  and  C2H6  were  refitted  using  molar 
volume  constraints  for  the  pure  fluids  provided  by  shock  wave  data  and  molecular  dynamics 
simulations.  This  data  was  not  available  at  the  time  of  the  original  calibration  of  the  5PMRK. 
The  recalibration  was  performed  using  an  iterative  Monte  Carlo  fitting  routine  and  yielded  the 
following  results: 


TABLET  5  PMRK  Parameters 


Species 

bi 

ai/107 

a2/108 

a3/109 

H20 

21.34 

5420 

13.29 

25.41 

19.15 

co2 

45.53 

10730 

12.87 

11.22 

444.3 

CO 

40.11 

3769 

3.869 

6.45 

8.008 

h2 

12.18 

2825 

0.0664 

0.0814 

0.1045 

ch4 

43.38 

7409 

6.742 

28.93 

97.49 

c2h6 

74.38 

7520 

21.1 

61.5 

163.0 

Species  distributions  were  then  calculated  with  the  Fortran77  program  ‘GFLUID6’  (available 
from  the  authors  on  request).  For  the  most  robust  experiments  buffered  at  IW,  and  for  a 
number  of  unbuffered  experiments,  agreement  was  found  to  be  excellent  (Table  2).  Good 
agreement  was  also  obtained  with  the  lower  P,  T  experiments  of  Jakobsson  and  Oskarsson 
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(1990).  Of  the  various  MRK  equations  available  in  the  literature,  the  recalibrated  5PMRK 
gives  the  best  agreement  with  experiment  for  CH4-H20-rich  fluids  and  should  be  suitable  for 
extrapolation  to  pressure  of  at  least  5  GPa. 


TABLE  2.  Comparison  of  Experimental  and  Calculated  C-O-H  (+graphite)  Fluids! 


expta 

la 

calc. 

expta 

la 

calc. 

exptb 

la 

calc. 

P(GPa) 

2.4 

2.4 

2.4 

2.4 

1.5 

1.5 

T(K) 

1273 

1273 

1273 

1273 

1473 

1473 

log(f02) 

IW 

-13.75 

none 

-12.0 

IW 

-11.34 

no.  analyses 

n=5 

n=2 

n=4 

h2o 

11.7 

.9 

11.5 

88.3 

2.3 

88.4 

21.8 

1.1 

20.7 

C02 

bdl 

<0.1 

0.17 

.01 

0.16 

0.11 

.02 

0.14 

CO 

bdl 

<0.1 

bdl 

<0.1 

0.38 

.05 

0.25 

h2 

5.1 

.4 

4.9 

1.8 

.1 

1.8 

11.3 

1.0 

11.2 

ch4 

81.4 

.8 

81.7 

9.7 

2.2 

9.6 

65.3 

1.5 

66.3 

c2h6 

1.9 

.2 

1.9 

0.12 

.03 

0.05 

1.03 

.06 

1.42 

t  Fluid  compositions  in  mole%;  bdl  =  below  detection  limit, 
a  Matveev  et  al.,  1997,  and  unpubl.  experimental  data, 
b  Jakobsson  and  Oskarsson  (1990) 
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Chrome  diopside  has  long  been  known  as  a  diamond  indicator  mineral,  however,  its  usefulness 
has  previously  been  limited  because  no  clear  method  has  been  devised  to  distinguish  Cr- 
diopside  of  diamond-facies  and  non-diamond-facies  origins.  In  this  contribution  we  outline  a 
thermobarometer  formulation  that  allows  an  accurate  P  and  T  to  calculated  for  Cr-diopside  of 
garnet  lherzolite  derivation.  The  thermobarometer  does  not  require  knowledge  of  the 
compositions  of  coexisting  phases  and  so  can  be  used  for  isolated  single  grains.  The 
thermobarometer  has  been  calibrated  on  the  basis  of  literature  and  in-house  experimental  data. 
The  experiments  cover  a  wide  compositional  range  in  both  simple-system  and  complex-system 
peridotites. 

The  pyroxene  thermometer  is  based  on  exchange  of  enstatite  component  between 
orthopyroxene  and  clinopyroxene  with  explicit  corrections  for  the  effect  of  minor  components 
including  Fe,  Ti  and  tschermak  endmembers.  The  thermometer  reproduces  experimental 
temperatures  with  a  accuracy  of  30°C  or  better  at  the  la  level. 

The  new  single  pyroxene  barometer  formulation  is  based  on  Cr  exchange  (via  the  CaCrAlSi06 
or  Cr-tschermak  molecule)  between  Cr-diopside  and  garnet  in  which  correction  terms  have 
been  introduced  to  account  for  non-ideal  interaction  between  Cr  and  Na.  Garnet  compositional 
factors  have  been  empirically  expressed  in  terms  of  clinopyroxene  Cr/(Cr+Al)  ratio  so  that  the 
composition  of  the  coexisting  garnet  is  not  required.  The  new  barometer  reproduces 
experimental  pressures  to  within  2.2  kbar  at  the  la  level  with  no  systematic  deviations  among 
the  different  experimental  datasets. 

Combination  of  the  single  pyroxene  thermometer  and  barometer  enables  the  pressure  and 
temperature  of  equilibration  of  individual  Cr-diopside  grains  to  be  determined  using  ordinary 
WDS,  or  carefully  calibrated  EDS,  electron  microprobe  analyses.  No  special  analytical 
methods  are  required.  Where  the  paragenesis  of  Cr-diopside  is  uncertain,  the  discriminant 
diagrams  of  Ramsay  (1992)  can  be  used  to  select  grains  that  are  most  likely  to  be  of  garnet 
lherzolite  origin.  A  further  classification  procedure  is  often  necessary  to  exclude  Cr-diopside 
grains  of  wehrlitic  origin.  The  accuracy  of  the  method  appears  to  be  as  good  as  or  better  than 
existing  mineral  pair  thermometers.  There  are  obvious  applications  in  diamond  exploration, 
e.g.  palaeogeotherm  determinations,  based  on  heavy  mineral  concentrates  containing 
xenocrystic  Cr-diopside  or  on  altered  xenolithic  materials  from  kimberlites  and  related  rocks. 

Application  to  Cr-diopside  of  xenolithic  and  xenocrystic  origin  from  the  classic  Lesotho 
kimberlite  localities  (Fig.  1)  shows  that  granular  lherzolites  fall  on  a  ~42  mW/m2  conductive 
geotherm  which  lies  at  the  high  end  of  the  range  of  typical  cratonic  geotherms.  The  sheared 
lherzolites  and  discrete  nodules  yield  P-T  conditions  near  50-60  kbar  and  1380-1480°C 
showing  that  there  has  been  significant  thermal  perturbation  of  the  deeper  lithosphere  in  this 
region  consistent  with  the  marginal  diamond  grades  of  most  Lesotho  kimberlites.  Application 
of  the  thermobarometer  to  xenocrystic  Cr-diopside  from  the  highly  diamoniferous  Argyle 
olivine  lamproite  pipe  (Fig.  2),  which  intrudes  an  early  Proterozoic  cratonized  mobile  belt, 
reveals  extensive  deep  mantle  sampling  (55-60  kbar)  within  the  diamond  stability  field. 
Thermal  conditions  were  equivalent  to  a  conductive  geotherm  near  42  mW/m2  consistent  with 
some  earlier  P-T  estimates  from  diamondiferous  xenoliths  (Jaques  et  al.,  1990).  These  results 
confirm  the  existence  of  a  relatively  cool,  deep  mantle  root  in  this  Proterozoic  terrane.  Further 
examples  of  geotherm  determinations  from  the  Kaapvaal,  Siberian  and  Northern  Australian 
cratons  and  some  off-craton  regions  will  be  discussed. 
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Fig.1  Cr-Diopside  from  Lesotho  Xenoliths 
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Figure  1:  Pressure-temperature  plot  showing  equilibration  conditions  of  garnet  lherzolite  xenoliths  and 
discrete  diopside  nodules  using  the  new  Cr-diopside  thermobarometer  of  Taylor  and  Nimis.  Conductive 
geotherms  are  labelled  in  units  of  mW/m2  The  garnet-in  curve  is  estimated  for  depleted  peridotite 
compositions. 

Fig. 2  Cr-Diopside  from  the  Argyle  lamproite 
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Figure  2:  Pressure-temperature  plot  for  xenocrystic  Cr-diopside  from  the  Argyle  olivine  lamproite  pipe 
showing  deep  mantle  sampling  in  the  diamond  stability  field  and  a  geotherm  of  ~42  mW/m2. 
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Thermobarometry  of  peridotitic  Cr-diopside  from  the  Merlin  kimberlites, 
Northern  Territory,  Australia  -  nature  of  the  upper  mantle  beneath  the 
Proterozoic  North  Australian  craton 
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In  order  to  investigate  the  thermal  state  of  the  upper  mantle  beneath  the  Gulf  of  Carpentaria 
region  of  the  North  Australian  craton,  the  Cr-diopside  thermobarometer  of  Taylor  and  Nimis 
(1998)  has  been  applied  to  a  suite  of  Cr-diopside  xenocrysts  from  two  kimberlite  pipes  in  the 
diamondifeous  Merlin  field,  Northern  Territory  (Lee  et  al.,  1996).  The  Gulf  of  Carpentaria 
region  has  been  the  focus  of  diamond  exploration  activity  over  a  number  of  years.  The 
prospectivity  of  the  region  has  been  enhanced  by  recent  seismic  tomography  studies  (SKIPPY 
project;  B.  Kennett,  pers.  comm.),  which  indicate  the  presence  of  thick  mantle  lithosphere  (up 
to  ca.200km  thickness),  and  heat  flow  studies  which  indicate  the  presence  of  zones  of 
anomalously  cool  lithosphere.  Both  these  features  are  similar  to  those  reported  in  old, 
Archaean  cratons  in  which  diamondiferous  kimberlites  are  well  known.  However,  the  North 
Australian  craton  is  of  Palaeoproterozoic  age  and  was  stabilized  at  ca.  1.8  Ga  following  the 
Barramundi  orogeny.  There  is  little  direct  knowledge  of  the  thermal  regime  in  the  mantle 
lithosphere  beneath  the  Australian  Proterozoic  cratons  largely  because  of  the  rarity  of  well 
preserved  mantle  xenoliths.  The  new  technique  of  Cr-diopside  thermobarometry  (Taylor  and 
Nimis,  1998)  is  able  to  provide  accurate  P-T  information  from  garnet  lherzolite-derived  Cr- 
diopside  using  single  grains  from  heavy  mineral  concentrate  samples. 

The  Merlin  field  comprises  1 1  pipes  of  early  Devonian  age  which  intrude  Palaeoproterozoic 
basement  and  younger  cover  sequences  of  the  North  Australian  craton.  All  the  pipes  are 
diamondiferous  with  grades  ranging  up  to  -100  ct/lOOt  .  Heavy  mineral  concentrates  from  the 
pipes  are  dominated  by  Cr-spinel  but  small  amounts  of  calcic  and  subcalcic  Cr-pyrope  and  Cr- 
diopside  have  been  recovered  indicating  sampling  of  deep  mantle  material  of  dunitic-to- 
harburgitic  and  lherzolitic  composition.  For  this  study,  carefully  calibrated  EDS  microprobe 
methods  were  used  to  analyse  -60  Cr-diopside  grains  picked  from  concentrates  from  the  Kay 
pipe;  a  few  grains  were  included  from  the  adjacent  Gareth  pipe.  Both  pipes  are  located  in  the 
northwest  part  of  the  Merlin  field. 

Compositionally,  the  majority  (>98%)  of  the  Cr-diopsides  fall  within  the  garnet  peridotite  field 
as  defined  by  Ramsay  (1992)  on  the  basis  of  Cr203-Al203  discrimination  (Fig.l).  Of  those 
grains  -15%  have  very  high  CaO  contents  (>23wt%;  Fig. 2)  and  are  probably  of  garnet  wehrlite 
paragenesis.  The  remaining  grains  (mg#  90-95)  are  consistent  with  a  garnet  lherzolite  origin 
and  are  suitable  for  thermobarometry.  Of  this  set,  a  small  proportion  of  grains  were  found  to 
be  compositionally  distinct  with  low  AI2O3  (<0.7  wt%)  and  low  Na20  (<1.5  wt%)  contents. 
The  low-Al  diopside  in  some  cases  rims  or  is  intergrown  with  Cr-diopside  of  normal 
composition.  One  unusual  grain  has  >5  wt%  Cr203  and  is  rich  in  kosmochlor  component. 
About  one  half  of  the  Cr-diopsides  have  measurable  K2O  contents  up  to  0.2  wt%. 

Results  of  the  application  of  the  Taylor  and  Nimis  (1998)  thermobarometer  are  shown  in  Fig. 3. 
The  data  indicates  that  the  Merlin  kimberlites  have  extensively  sampled  the  upper  mantlewith 
most  of  the  Cr-diopside  grains  being  derived  from  the  diamond  stability  field  at  -40-60  kbar 
pressure  (130-200  km  depth).  The  low-Al  diopside  is  mostly  derived  from  pressures  near  45 
kbar.  The  highest  calculated  pressure  is  70  kbar.  The  P-T  array  indicates  surprisingly  cool 
conditions  for  the  mantle  beneath  Merlin  in  the  Devonian.  Conditions  were  equivalent  to  a 
conductive  geotherm  of  ~38  mW/m2  which  is  similar  to  that  beneath  old  Archaean  cratonic 
areas  such  as  the  Kaapvaal  craton.  The  cool  conditions  at  Merlin  seem  remarkable  for 
Proterozoic  mantle  and  compare  with  the  higher  geotherm  of  ~42  mW/m2  calculated  for  the 
mantle  lithosphere  beneath  the  Argyle  lamproite  pipe  in  the  western  part  of  the  craton  (Taylor 
and  Nimis,  1998).  The  results  suggest  that  some  Proterozoic  terranes  can  develop  the  thick, 
cool  mantle  roots  generally  considered  to  be  restricted  to  the  Archaean.  One  possibility  is  that 
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the  cool  Merlin  lithosphere  represents  a  remnant  of  an  Archaean  mantle  root  above  which  there 
is  no  presently  exposed  (or  perhaps  preserved)  Archaean  crust. 

Fig.1  Fi9-2 
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Figures  1  and  2: 

Discriminant  diagrams  used  to  classify  mantle-derived  clinopyroxene.  Only  those  derived  from  garnet 
Iherzolite  can  yield  meaningful  P,T  estimates  by  the  Taylor  and  Nimis  (1998)  method.  Figure  1  is  after 
Ramsay  (1992);  CGP  =  garnet  peridotite  field,  CLS  =  spinel  Iherzolite  field,  CPP  =  pyroxenite,  eclogite 
and  cognate  field.  Figure  2  is  used  to  distinguish  Cr-diopside  from  wehrlitic  and  Iherzolitic  sources. 
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Figure  3: 

P-T  array  calculated  for  the  Merlin  Cr-diopsides.  Sample  conductive  geotherms  (labelled  44,  40  and  36 
mW/m2)  are  shown.  G  =  graphite;  D  =  diamond.  Garnet-in  boundary  is  for  depleted  peridotite.  The 
lithosphere  sampled  by  the  Merlin  kimberlites  is  unusually  cool  and  similar  to  that  found  beneath 
Archaean  cratons. 
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The  Cretaceous  Juina  kimberlite  province  is  located  at  the  northern  border  of  the  Parecis  Palaeozoic 
basin,  which  is  underlain  by  the  Mesoproterozoic  sialic  Rio  Negro-Juruena  mobile  belt  (Teixeira  et 
al.,  this  volume).  The  province  was  discovered  by  the  BRGM/De  Beers  joint  venture  through 
stream  gravel  regional  survey.  The  Parecis  basin  (1,250km  long  x  400km  wide),  host  of  the 
majority  of  Juina  kimberlites,  has  6000  m  of  siliciclastic  sediments  and  underwent  intense  tectonic 
activity  and  basaltic  volcanism  in  the  Jurassic. 

The  explosive  volcanic  structures  intrusive  in  the  granite-gneiss  Mesoproterozoic  terrain  or  in  the 
Palaeozoic  sedimentary  cover  do  not  show  remarkable  surface  features.  The  present  study  resulted 
from  drill  cores  description.  The  cores  exhibit  primary  volcanic  textures  in  kimberlite  tephra  and 
sedimentary  structures  in  resedimented  volcaniclastic  rocks.  The  rock  nomenclature  used  follows 
Mitchel  (1995)  and  the  volcanism  dynamic  is  on  the  analogy  of  Leckie  et  al.  (1997). 

The  kimberlite  structures  occur  as  large  (up  to  55  ha),  rough  circular,  and  shallow  (20  to  80  m- 
thick)  craters.  They  are  filled  with  subaereal  pyroclastic  and  hydroclastic  tephra,  resedimented 
volcaniclastic  deposits  and  volcanogenic  sedimentary  layers.  The  system  was  feeded  by  narrow 
(100  to  150  m)  vents  filled  with  volcaniclastic  kimberlite  breccia.  Craters  have  champagne  glass 
shape  similar  to  the  lamproitic  bodies  of  the  Ellendale  Province,  in  Australia.  Their  walls  form  an 
angle  of  approximately  30°  with  the  host  rocks.  The  explosive  kimberlite  structures  may  be 
considered  as  maars  as  proposed  by  Lorenz  (1985).  It  is  unclear  if  the  initial  explosive  stage  of 
volcanism  was  driven  by  exsolved  magmatic  volatile  and/or  interaction  with  ground  water.  There  is 
potential  for  phreatomagmatic  volcanism,  given  the  high  water  table  in  Casa  Branca  Formation 
(siliciclastic  sediments  with  shalle  intercalation).  The  Juina  kimberlite  structures  are  clearly 
different  from  the  typical  South  African  kimberlite  bodies,  which  are  characterised  by  the  presence 
of  diatremes. 

Depending  on  the  country  rock,  the  structures  can  be  different.  The  maars  formed  in  sedimentary 
rocks  (type  1)  are  composed  of  three  facies.  They  are  described  bellow  from  top  to  bottom. 

Facies  1:  (thickness:  from  few  meters  to  60  m).  Metachronous  siliciclastic  volcanogenic 
sedimentary  deposits  and  rare  posteruptive  resedimented  volcaniclastic  levels.  The  former  is 
destitute  of  juvenile  components  and  the  latter  contains  indicator  minerals. 

Facies  2:  (thickness:  10  to  70  m).  This  facies  was  formed  by  subaerial  volcanism  that  resulted  in  a 
complex  intercalation  of  lappillistone  kimberlite,  olivine  crystal-tuff  kimberlite,  siltstone,  and 
sandstone  volcaniclastic  rocks.  The  resedimented  material  has  a  high  proportion  of  juvenile  clasts 
and  is  fine  grained,  locally  microconglomeratic  (matrix-supported  clast).  It  also  presents  a  rhythmic 
graded  bedding  and  cross-bedding  indicating  a  high-energy  setting.  The  eruptive  phase  consists  of 
reverse-graded  cross-bedding  and  planar-bedded  kimberlites  lapillistone  and  olivine  crystal  tuff. 
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Clasts  consist  of  kimberlite  lapilli,  olivine,  mantle  xenoliths,  xenocrysts,  megacryst  suite  (ilmenite, 
Cr-Ti  pyrope,  Cr-diopside),  and  crustal  xenoliths.  The  lapilli  consists  of  variable  proportions  of 
olivine  and  phlogopite  plus  finer-grained  serpentine,  calcite,  and  spinel.  The  lapilli  groundmass  is 
cryptocristalline  to  fine-grained  and  of  difficult  microscopic  identification.  The  lapilli  intraclast 
matrix  is  composed  of  kimberlite  ash  changed  to  serpentine  and  carbonate.  The  clasts  are  matrix 
supported  and  frequently  show  pelletal  texture.  The  olivine  crystal  tuff  is  partly  welded.  Under  the 
microscope,  olivine  euhedral  crystals  mantled  by  cryptocristalline  to  fine-grained  brown  material 
are  observed.  This  tuff  seems  to  result  of  explosive  volcanic  eruptions  of  crystal-rich  kimberlite 
magma.  Facies  2  is  a  consequence  of  a  possible  multiple  primary  eruptive  phase  air  fall  deposits 
and  surge  fall  inside  the  crater  itself.  The  preserved  lapilli,  globules  and  autoliths  are  consistent 
with  relatively  short  transport  distances.  The  predominance  of  lapilli  fragments  suggests  the 
occurrence  of  lapilli  tephra  cones  around  the  craters.  The  deposition  mechanism  of  the  resedimented 
volcaniclastic  levels  is  probably  related  to  gravitational  flux  from  the  crater  borders  due  to  sporadic 
strong  rainfall  in  a  desertic  environment. 

Facies  3:  this  is  the  intrusive  portion  of  the  volcanic  structure  and  is  mostly  represented  by 
heterolitic  volcaniclastic  kimberlite  breccia  and  pelletal  lapilli  volcaniclastic  kimberlite  of  green 
colour.  These  rocks  show  textural  features  identical  to  the  diatreme  facies  of  the  classic  kimberlites. 
There  is  a  typical  textural  bi-modality  with  euhedral  magmatic  and  rounded  mantelic  olivines.  The 
pelletal  structure  is  characterized  by  the  occurrrence  of  olivine  pseudomorphs  in  the  pellets  centres. 
The  matrix  is  invariably  fine-grained,  with  micro  to  cryptocrystalline  optically  irresolvable  mixture 
of  serpentine,  chlorite,  and  clay  minerals.  These  rocks  have  a  great  amount  of  xenoliths  (shales, 
gabbros,  gneiss,  granites,  and  mantelic  components). 

Maars  excavated  in  granite  and  gneiss  (type  2)  are  smaller  than  type  1  craters,  and  the  facies  2  is  not 
developed  (subaerial  volcaniclastic  kimberlite  rocks  interbeded  with  resedimented  volcaniclastic 
material). 

Facies  1:  (thickness  around  30  m).  It  corresponds  to  the  top  of  the  explosive  structures  and  is 
composed  of  metachronous  siliciclastic  volcanogenic  sedimentary  deposits.  Juvenile  components 
are  not  present. 

Facies  2:  (about  80  m  thick).  This  is  characterised  by  a  rhythmic  succession  of  metachronous 
volcanogenic  sedimentary  levels  (siltite  and  organic-rich  argilite  with  interbeded  metric  levels  of 
resedimented  volcaniclastic  material).  The  fine  grained  sediments  with  carbonaceous  debris  indicate 
deposition  in  a  low  energy  lake  setting.  These  sediments  probably  resulted  from  the  volcanic  edifice 
destruction  by  gravitational  flux  and  direct  crater  deposition.  Some  levels  are  rich  in  amorphous 
carbonaceous  material  and  present  Equisetosporites  ssp.,  Steevesipollenites  spp.,  Classopollis 
classoides,  Hexaporotricolpites  emilianovi,  Trricolpites  vulgaris,  Tricolpites  spp.  pollens  and 
smooth  and  rarely  ornamented  Triletes-type  spores.  The  lacustrine  sediments  are  found  directly  over 
heterolitic  volcaniclastic  kimberlite  breccia  and  pelletal  lapilli  volcaniclastic  kimberlite. 

Facies  3:  similar  in  both  maars  types,  it  is  characterized  by  heterolitic  volcaniclastic  kimberlite 
breccia  and  pelletal  lapilli  volcaniclastic  kimberlite.  Some  vent  portions  are  very  rich  in  country 
rock  xenoliths  (gabbros,  gneiss,  and  granites)  and  should  be  classified  as  crystallinoclastic 
kimberlite  breccia.  Fluidisation  texture  and  mantle  xenoliths  are  also  found. 
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The  occurrence  of  the  above  described  volcanic  explosive  structures,  which  are  similar  to  the  Slave 
kimberlites,  indicates  that  body  morphology  and  emplacement  processes  should  not  be  used  to 
discriminate  between  kimberlite  and  lamproite.  The  geometry  of  volcanic  systems  does  not  seem  to 
be  linked  to  a  specific  kind  of  magma  but  to  the  local  hydrodynamic  conditions  and/or  volatile 
contents.  It  is  possible  that  the  Juina  kimberlite  structures  were  developed  from  a  main  subaerial 
Strombolian  explosion  to  which  the  intrusive  kimberlite  breccia  is  related.  The  main  explosive 
process  seems  to  have  been  followed  by  a  series  lower  intensity  explosions  producing  poor  to 
moderately  sorted  multiple  beds  of  clast-supported  kimberlite  lapillistone.  Levels  of  olivine  crystal 
tuffs  probably  resulted  from  a  strong  explosive  events,  probably  base  surge.  In  general,  the  Juina 
pyroclastic  rocks  have  a  high  fragmentation  level,  which  suggests  high  magma  discharge  rates  and 
melt  fragmentation.  In  some  structures  the  vents  were  not  identified.  These  structures  should  be  the 
result  of  base  surge-type  accumulation  in  depression  outside  the  craters,  similar  to  Fort  a  la  Come 
Saskatchewan  (Leckle  et  al.,  1997). 


Acknowledgements 

We  thank  RTDM  for  allowing  this  publication. 

REFERENCES 

Leckie,  A.L.;  Kjarsgaard,  B.A.;  Bloch,  J.;  McIntyre,  D.;  McNeil,  D.;  Stasiuk,  L.;  Heaman,  L.,  1997, 
Emplacement  and  Reworking  of  Cretaceous,  Diamond-Bearing,  Crater  Facies  Kimberlite  of 
Central  Saskatchewan,  Canada:  Geological  Society  of  America  Bulletin,  v.  109,  n.  8,  p. 
1000-1020. 

Lorenz,  V.,  1985,  Maars  and  Diatremes  of  Phreatomagmatic  Origin:  A  Review:  Trans.  Geol.  Soc.  S. 
Afr.,  v.  88(2),  p.  459-470. 

Mitchell,  R.H.  ,  1995,  Kimberlites,  Orangeites  and  Related  Rocks:  Plenum  Press,  New  York,  410p. 


TYPE  1  MftAR  jYPE  2  MAAR 


904 


Geology  of  the  Jui'na  Diamondiferous  Province 

Teixeira,  N.A.1,  Gaspar  J.C.2,  Waissel  O.1,  Almeida,  A.  J.3,Belther,  J.A.4,  Gobbo,  L.5 

1.  Rio  Tinto  Desenvolvimentos  Minerals  Ltda.  SCS  Ed.  Monro  Vermelho,  10  andar,  Brasilia,  DF,  Brazil. 

2.  Instituto  de  Geociencias,  Universidade  de  Brasilia,  70910-900  Brasilia,  DF,  Brazil. 

3.  Golden  Star  -  End.:  Sia  Trecho  3  -  lote  990  Bloco  "D"  sala  203  71200-030  Brasilia,  DF,  Brazil. 

4.  Phelps  Dodge  do  Brasil  Minera^o  Ltda,  R.  da  Gloria,  344,  Gr.  602/604,  Gloria  2024 1-1 80, Rio  de  Janeiro,  RJ,  Brazil 

5.  NOMOS  Laboratorio,  R.  Pereira  Passos,  237,  Pq.  Boa  Vista,  25085-300  Duque  de  Caxias,  RJ,  Brazil. 

The  Cretaceous  Juina  kimberlite  province  is  located  at  the  northern  border  of  the  Parecis  Palaeozoic 
basin,  which  is  underlain  by  the  Mesoproterozoic  sialic  Rio  Negro-Juruena  mobile  belt.  The 
province  was  discovered  by  the  BRGM/De  Beers  joint  venture  through  stream  gravel  regional 
survey.  The  Parecis  basin  (1,250  km  long  x  400  km  wide),  host  of  the  majority  of  Juina  kimberlites, 
has  6000  m  of  siliciclastic  sediment  and  underwent  intense  tectonic  activity  and  basaltic  volcanism 
in  the  Jurassic.  A  U/Pb  zircon  radiometric  age  of  92-95  Ma  from  a  volcaniclastic  kimberlite  breccia 
(Heaman  et  al.  this  volume)  is  consistent  with  palinologic  studies  in  the  craters  sediments  which 
indicate  an  age  of  93,5  Ma,  that  correspons  to  the  top  of  the  Cenomonian. 

The  Juina  province  is  roughly  in  accordance  with  the  mega-lineament  AZ  125,  which  controls  a 
large  number  of  ultramafic  alkaline  rocks  in  Brazil  (Gonzaga  and  Tompkins,  1991).  This  lineament 
represents  a  major  lithospheric  suture,  probably  crossing  lithospheric  domains  of  different 
composition,  thermal  regime,  and  metasomatic  history.  In  detail,  the  Juina  province  is  placed  in  a 
northeast  tectonic  system  (20  km  wide  x  100  km  long)  that  is  a  small  graben  filled  by  Palaeozoic 
and  Cretaceous  sediments.  More  than  ninety  percent  of  the  kimberlite  bodies  are  found  in  this 
tectonic  compartment.  The  other  ten  percent  are  inserted  directly  into  the  sialic  substract  that  is  the 
Rio  Negro-Juruena  Mobile  Belt.  The  majority  of  the  kimberlite  structures  are  intruded  in  the 
Permo-Carboniferous  Casa  Branca  Formation  which  was  deposited  in  a  glacio-marine  and 
lacustrine  environment.  The  Parecis  Formation  (Upper  Cretaceous)  covers  the  top  of  the  Juina 
kimberlite  craters.  The  twenty  three  kimberlite  structures  seem  to  be  the  result  of  a  series  of 
explosions  (Strombolian  Type)  with  distinct  energy  producing  a  complex  pile  of  pyroclastic  falls 
and  surge  (lapillistone  and  crystal  tuff  kimberlite),  interbeded  with  resedimented  volcaniclastic 
kimberlite.  The  morphology  of  the  explosive  structures  is  not  typical  of  kimberlite  bodies  due  to 
the  absence  of  a  classic  diatreme  and  the  presence  of  large  craters. 

There  are  two  distinct  types  of  explosive  kimberlite  structures  (maars).  One  type  of  structure  is 
settled  in  Palaeozoic  sediments  and  the  other  in  the  granitic  basement  (Teixeira  et  al.,  this  volume). 
Three  compartments  are  generally  observed  in  the  maars:  Facies  1:  corresponds  to  the  upper  unit 
and  is  composed  of  metachronous  volcanogenic  sandstone  layers  which  thickness  varies  from  few 
centimeters  to  60  m.  Normally,  there  is  no  kimberlitic  contribution  to  such  sandstones.  Facies  2: 
occupies  an  intermediate  position  in  the  volcanic  structure,  being  characterised  by  a  complex 
intercalation  of  resedimented  kimberlite  ash  and  lapilli-rich  sandstone  with  lapilli  kimberlite  and 
kimberlitic  olivine  crystal  tuff.  These  are  deposited  as  air-fall  and  surge  inside  the  crater  itself.  Its 
thickness  varies  between  10  and  70  m.  The  resedimented  volcaniclastic  kimberlite  levels  present 
rhythimic,  graded,  and  cross-bedding  generated  by  gravity  flow  of  different  densities.  The 
deposition  must  have  occurred  right  after  the  end  of  activities  at  a  time  when  the  tuff  ring  and  crater 
walls  still  existed.  The  pyroclastic  kimberlite  accumulations  (lapilli  and  tuffs)  frequently  present 
graded  bedding,  have  a  reddish  brown  colour  (subaerial  oxidation),  which  frequently  include 
fragments  with  pelletal  texture.  At  the  microscope,  the  pelletal  fragments  are  composed  of  euhedric 


905 


olivine  crystals  mantled  by  extremely  fine  material  of  brown  colour.  Some  brown  microfragments 
resemble  palagonitised  shards.  The  kimberlite  bodies  that  have  intruded  the  granite-gneiss  basement 
do  no  present  air-fall  or  base  surge  deposits  in  its  intermediate  unit.  This  level  is  substituted  by 
lagoon  accumulation  with  local  turbidite  deposits.  The  lagoon  deposits  are  rich  in  amorphous 
carbonaceous  material  and  pollen  of  the  Angiosperm  and  Gymnosperm  type  and  some  spores  dated 
preliminarily  as  93,5  Ma  (top  of  the  Cenomonian).  Facies  3:  this  is  the  intrusive  portion  of  the 
structures  and  occurs  at  their  bottom  and  walls.  This  Facies  is  composed  mainly  by  a  greenish 
pelletal-textured  volcaniclastic  kimberlite  and  autolithic  and  heterolitic  volcaniclastic  kimberlite 
breccia.  These  rocks  present  two  serpentinised  olivine  populations  (euhedric  and  rounded), 
carbonate,  phlogopite,  spinels,  chromium  diopside,  megacryst  suite  minerals  (Cr-Ti  pyrope  and 
ilmenite),  and  calcic  pyrope  and  spinels  xenocrysts.  The  breccia  displays  textural  features  identical 
to  diatreme  facies  of  typical  kimberlites  and  is  characterised  by  a  large  amount  of  xenoliths  (shales, 
gabbros,  granites,  mantle  peridotites).  The  vent  facies  rocks  show  fluidisation  textures.  Some 
craters  present  a  main  explosive  event  followed  by  intermitent  lower-energy  pulses,  probably 
similar  to  a  strombolian  activity. 

The  geological  evolution  of  the  Rio  Negro-Juruena  Mobile  Belt  (lateral  versus  vertical  accretion) 
and  the  Juina’s  kimberlite  geotectonic  setting  (on  craton  versus  off  craton)  are  still  controversial. 
So  far  no  bona  fide  allochtonous  accretion  terranes  have  been  found  in  this  belt.  On  the  other  hand, 
the  Sm/Nd  model  ages  in  rocks  from  the  belt  always  point  to  a  mantelic  differentiation  around  1,8 
Ga,  without  any  evidence  of  relict  Archean  crust  (Tassinari,  1989;  Bizzi  and  Pimentel,  oral 
communication).  The  Juina  kimberlites  would  have  then  penetrated  a  lithosphere  deeply  modified 
during  the  Mesoproterozoic.  Eclogite  and  garnet  granular  lherzolite  are  the  most  abundant  mantle 
xenolith  in  the  kimberlites  (Teixeira,  under  preparation).  Most  of  the  xenocrysts  are  garnet 
(lherzolitic  G-9  and  eclogitic  low-sodium  G-3)  and  spinel.  The  mantelic  spinels  show  Cr203 
contents  up  to  58  wt.  %  and  moderate  MgO  contents  (<  10  wt.  %).  The  chemical  signature  of  both 
garnet  and  spinel  indicates  a  non-depleted  lithosphere.  It  is  possible  to  state  that  the  lithosphere 
beneath  the  Rio  Negro-Juruena  Mobile  Belt  was  fundamentally  constituted  by  lherzolite  and 
eclogite  reset  at  the  Mesoproterozoic  and  that,  consequently,  the  Juina  diamonds  should  not  be 
associated  with  a  depleted  harzburgite  Archean  keel.  This  is  also  supported  by  Sm/Nd  data  (Bizi 
and  Pimentel,  oral  communication;  Pimentel  and  Teixeira,  under  preparation). 

The  Juina  diamonds  occur  in  alluvium  (Sao  Luiz,  Mutum,  Porcao,  Juininha,  Rio  Vermelho,  and 
Samambaia  rivers)  and  in  some  kimberlite  bodies  (Haralyi,  1991;  Gonzaga  and  Tompkins,  1991). 
Almost  all  alluvial  diamondiferous  rivers,  with  a  total  production  of  more  than  8  million  carats, 
drain  the  Chapadao  plateau,  a  thin  unit  made  up  of  immature  sediments  (90  Ma;  U/Pb  dating  in 
mantelic  zircons)  with  numerous  granite  and  gneiss  pebbles.  These  sediments  are  rich  in  kimbelite 
indicator  minerals  and  represent  wet  mud  flows  deposits,  down  slope  in  active  faults  in  the  sialic 
basement,  in  arid  climate.  The  Juina  diamonds  are  predominantly  industrial  and  very  seldom  are 
found  in  stones  up  to  480  ct.  Most  diamonds  present  dodecahedral  to  irregular  shapes  but 
octahedral,  and  aggregate  are  also  found.  Predominant  colours  are  brown  and  light  brown,  although, 
white,  milky,  yellow,  and  pink  also  occur.  The  majority  of  the  stones  contain  many  inclusions  and 
present  etched,  frosted,  and  striated  surfaces  as  well  as  dissolution  lamellae,  roll  relief,  trigons,  and 
pits. 

Cathodoluminescent  images  were  obtained  from  100  stones  from  alluvium  (Sao  Luis  and  Duas 
Barras  rivers)  and  from  kimberlite  intrusions.  It  is  possible  to  identify  primary  features  such  as 
octahedral  growth  faces  repeatedly  truncated  by  resorption  since  the  beginning  of  the  diamond 
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formation.  All  studied  diamonds  are  crystal  fragments  displaying  a  high  degree  of  resorption, 
etching,  brecciation,  and  annealing  at  various  stages  (Gaspar  et  al.,  this  volume).  Such  features 
explain  the  low  price  of  the  stones.  Another  observed  feature  is  the  presence  of  slip  planes  or 
dislocations  indicating  that  these  diamonds  would  have  undergone  plastic  deformation  during 
mantle  residence  while  the  breccia  textures  indicate  stages  of  brittle  deformation. 
Cathodoluminescent  features  of  diamonds  from  alluvium  and  intrusion  are  essentially  similar. 
Compared  to  the  diamonds  from  cratonic  areas  the  Juina  diamonds  present  a  much  more  complex 
growth  history. 

The  Juina  diamonds  are  known  to  have  been  formed  in  the  Transition  Zone  or  even  in  the  Lower 
Mantle  due  to  the  mineralogical  assemblage  included  in  diamonds  from  the  Sao  Luiz  river 
(majorite,  periclase-wiistite  solid  solution,  Ni,  Cr,  and  Al  in  the  oxide  phases,  and  SIC)  (Widing  et 
al.,  1991;  Harte  and  Harris,  1994;  Harte  et  al.,  1994;  Harris  et  al.,  1996).  Besides  Juina,  also 
Monastery  and  Jagersfontein  have  evidence  of  kimberlitic  asthenospheric  protomelts  of  depths 
superior  to  670  km  (Haggerty,  1991).  According  to  Haggerty  (1991)  all  these  bodies  would  have 
intruded  craton  edges;  regions  that  are  privileged  locus  for  plume  induced  magmatic  activity.  We 
are  analysing  the  possibility  that  the  Juina  kimberlites  and  diamonds  had  a  global  evolution  linked 
to  the  Nazca  plate  journey  to  the  Transition  Zone. 

Note:  kimberlite  has  been  used  here  to  name  the  Juina  rocks  but  the  detailed  study  of  groundmass  minerals  is  still  under 
way  and,  consequently,  a  conclusive  nomenclature  has  not  yet  been  established. 

Acknowledgements 

We  thank  RTDM  for  allowing  this  publication. 


REFERENCES 

Gonzaga,  G.M.,  Tompkins,  L.A.,  1991.  Geologia  do  Diamante:  Principais  Depositos  Minerais  do 
Brasil,  v.  IV,  Parte  A,  p.53-1 16. 

Haggerty,  S.E.,  1991,  Emplacement  and  implications  of  ultra-deep  xenoliths  and  diamonds  from  the 
transition  zone:  Fifth  International  Kimberlite  Conference,  Extended  Abstracts,  CPRM,  p.  157- 
159. 

Haralyi,  N.L.E.,  1991,  Os  diamantes  de  Juina,  Mato  Grosso:  Principais  Depositos  Minerais  do 
Brasil,  v.  IV,  Parte  A,  p.  155-160. 

Harte,  B.  and  Harris,  J.W..  1994,  Lower  mantle  mineral  associations  preserved  in  diamonds: 
Mineral  Mag.,  v.  A  58,  p.  384-385 

Harte,  B.,  Hutchison,  M.T.  and  Harris,  J.W.,  1994,  Trace  element  characteristics  of  the  lower 
mantle:  an  ion  probe  study  of  inclusions  in  diamonds  from  Sao  Luiz,  Brazil:  Mineral  Mag.,  v.  A 
58,  p.  386-387. 

Harris,  J.,  Hutchison,  M.T.,  Hursthouse,  M.,  Light,  M.  and  Harte,  B.,  1997,  A  new  tetragonal 
silicate  mineral  occurring  as  inclusions  in  lower-mantle  diamonds:  Nature,  v.  387,  p.  486-488. 

Tassinari,  C.C.G.,  Teixeira,  W.,  Junior,  O.S.,  1989,  Archean  Early  Proterozoic  Crustal  Evolution  of 
Amazonian  Craton,  Brazil:  28th  International  Geological  Congress,  Washington,  D.C.  USA, 
Abstracts,  v.  3,  p.  221. 

Wilding,  M.C.,  Hart,  M.C.,  Harrys,  J.W.,  1991,  Evidence  for  a  deep  origin  for  Sao  Luiz  Diamonds: 
Fifth  International  Kimberlite  Conference,  Extended  Abstracts,  CPRM,  p.  456-458. 


907 


Diamonds  in  ultrabasic  rock  near  Wawa,  Ontario,  Canada 

Thomas,  R.D.,  Novak,  N.A.  and  Janse,  AJ.A. 

Spider  Resources  Inc.,  Suite  2100,  121  King  Street  West,  Toronto,  Ont.,  Canada  M5H  3T9 

A  new  type  of  diamondiferous  rock  was  discovered  in  September  1995  by  Sandor  Surmacz  and 
Marcelle  Hauseux,  an  independent  prospector  and  a  geologist  who  form  a  partnership  by  the  name 
of  Saminex,  based  in  Toronto.  The  original  Sandor  Diamond  Occurrence,  as  it  now  called,  is 
located  in  a  roadcut  along  highway  17,  approximately  30  km  north  of  Wawa,  in  Lalibert  township 
at  48°12’57”N  and  84°50’46”W.  Saminex  brought  this  occurrence  to  the  attention  of  Spider 
Resources  Inc.  of  Toronto  which  collected  additional  samples  and  confirmed  the  occurrence  of 
diamonds  in  this  rock  in  the  first  news  release  dated  June  25,  1996.  The  original  discovery  by 
Saminex  of  six  diamonds  in  an  18  kg  sample,  processed  by  the  Saskatchewan  Research  Corporation 
of  Saskatoon,  Saskatchewan,  was  corroborated  by  the  67.6  kg  sample  collected  by  Spider  and 
processed  by  caustic  dissolution  by  Lakefield  Research  of  Peterborough,  Ontario,  which  produced 
64  diamonds,  of  which  eight  were  larger  than  0.5  mm.  The  diamonds  are  classified  as  containing  83 
%  white,  colourless  stones  and  85  %  of  the  total  are  broken  crystals  (Spider  Resources  news  release 
September  23,  1996). 

The  rock  from  which  the  diamonds  is  made  up  of  a  very  hard  and  tough  matrix  consisting  of 
densely-packed  actinolite  containing  numerous  round  xenoliths  made  up  of  needles  of  actinolite 
radiating  from  the  centre.  The  xenoliths  are  slightly  harder  than  the  matrix  and  thus  stand  out 
distinctly  in  the  rock  face.  Many  xenoliths  are  surrounded  by  a  wide,  brownish-yellowish  reaction 
rim  of  actinolite  and  talc.  Under  the  microscope  the  matrix  consists  mainly  of  amphibole  of  the 
actinolite-tremolite  series  with  minor  amounts  of  biotite  and  albite.  Accessory  minerals  are  sphene, 
apatite,  rare  epidote  and  very  rare  magnetite.  The  xenoliths  consist  of  actinolite  with  minor  biotite 
and  calcite  and  accessory  spinel,  ie.hercynite-chromite,  not  a  relict  primary  mineral  (Mitchell, 
1996,  in-house  report).  The  protolith  is  unknown  as  no  primary  minerals  are  preserved  (the 
xenoliths  may  possibly  have  been  pyroxenite,  Mitchell,  1996,  in-house  report)  and  has  been 
subjected  to  retrograde  lower  greenschist  metamorphism  which  is  pervasive  in  the  surrounding 
Archaean  country  rocks.  At  the  Sandor  Diamond  Occurrence  contacts  with  the  Archaean  wall  rock 
appear  conformable  within  the  dimensions  of  the  outcrop  and  deformation  is  slight  with  a 
penetrative  fabric  consistent  in  direction  and  nature  with  the  Archaean  wall  rock.  In  other  outcrops 
it  looks  like  a  dyke  with  slightly  sheared  crosscutting  contacts  in  places  but  all  other  above 
mentioned  characteristics  are  similar.  From  these  observations  it  is  concluded  that  the 
diamondiferous  rocks  are  Archaean,  or  at  least  Palaeoproterozoic  in  age,  which  is  much  older  than 
that  of  the  lamprophyric  dykes  found  south  of  Wawa  (see  below). 

An  exploration  program  carried  out  in  July  and  August  1997  collected  103  rock  samples  and  367 
till  samples.  The  most  significant  result  came  from  an  outcrop  along  highway  17  in  Menzies 
township,  5  km  south  of  the  original  Sandor  Diamond  Occurrence.  The  sample  was  taken  from 
newly  broken  rock  from  the  back  of  the  roadcut,  freshly  stripped  and  washed  prior  to  sampling  to 
alleviate  all  concerns  about  contamination  from  previous  road  work.  A  total  of  95  diamonds, 
including  15  diamonds  larger  than  0.4  mm,  were  recovered  from  a  164.7  kg  sample.  The  largest 
diamond  is  a  white,  colourless  transparent  fragment  measuring  0.82mm  by  0.76  mm  by  0.65  mm. 
A  very  tentative,  preliminary  grade  for  all  diamonds  down  to  0.1  mm  from  193  kg  of  rock  can  be 
estimated  at  25  carats  per  100  tonnes.  The  containing  rock  at  this  outcrop  is  a  3  m  wide,  steeply 
dipping,  xenolith-rich  mafic  to  ultramafic  dyke  crosscutting  Archaean  felsic  and  agglomeratic  tuffs. 


908 


However,  the  penetrative  fabric  consistent  with  the  surrounding  wall  rock  suggests  an  Archaean  to 
Palaeoproterozoic  age  of  formation. 

A  total  of  196  diamonds  has  been  recovered  from  the  nine  sites  tested  todate.  Results  for  the 
remaining  samples  have  not  yet  been  tabulated.  No  valuation  of  the  recovered  diamonds  has  been 
attempted  as  yet,  so  it  is  too  early  to  determine  the  economic  significance  of  this  new  discovery. 
Moreover,  the  extent  of  the  diamondiferous  rock  outcrops  and  the  origin  of  the  diamonds  has  not 
yet  been  established. 

Already  in  1975  Janse  noticed  xenolith-rich  rocks  along  highway  17  which  he  described  as 
xenolith-rich  mafic  volcanics  (Janse,  personal  field  notes,  1975).  They  were  also  noticed  by  Sage  in 
the  1980’s  during  geological  mapping  of  Lalibert  township  and  described  as  intrusive  breccias, 
dykes  and  sills.  However,  the  significance  of  microdiamonds  for  diamond  exploration  was  not  yet 
understood  at  the  time  and  facilities  for  microdiamond  recovery  were  not  yet  available  so  that  no 
further  work  was  planned  for  these  rocks. 

Lamprophyric  dykes  of  Keweenawan  age  (1200  to  1000  Ma)  are  common  in  an  area  south  of,  and 
closer  to,  Wawa,  south  of  the  Wawa  Lake-Hawk  Lake-Manitowik  Lake  fault  zone  (Sage  and 
Crabtree,  1997).  Compared  to  Archaean  rocks,  the  lamprophyres  appear  quite  fresh  where  exposed 
in  road  cuts,  river  banks/cliffs  and  mine  cuts. 

An  olivine-rich  dyke  containing  numerous  small  bean-sized  spinel-harzburgite  xenoliths,  located 
along  highway  17,  approximately  10  km  south  of  Wawa  and  1  km  south  of  the  highway  bridge 
across  the  Michipicoten  River,  was  found  by  Janse  in  1975  and  described  by  Mitchell  and  Janse 
(1982).  The  matrix  contains  olivine,  clinopyroxene,  phlogopite  and  analcite,  and  the  xenoliths 
olivine,  orthopyroxene  and  spinel.  It  was  classified  as  an  ultramafic  lamprophyre  close  to 
monchiquite.  The  authors  suggested  that  the  occurrence  of  this  dyke  indicated  the  possible  presence 
of  deep-reaching  faults  in  the  Wawa  area  which  might  be  conducive  for  diamondiferous  intrusives. 
Mickey  Clement,  a  local  prospector,  claimed  to  have  found  two  diamomds  in  the  lower  course  of 
the  Michipicoten  River  in  approximately  1991.  Thiese  stones  were  identified  by  the  Royal  Ontario 
Museum  as  diamonds  of  respectively,  1.05  and  1.13  carats  (Sage  and  Crabtree,  1997).  Subsequent 
prospecting  by  Morris  of  the  OGS  found  kimberlite  indicator  minerals,  including  G-10  garnets,  in 
many  alluvial  sites  in  the  general  area  (Morris  et  al,  1994).  In  August  1995  Terry  Nicholson,  a  local 
prospector,  found  the  “Nicholson  Dike”,  an  ultramafic  lamprophyre,  resembling  in  overall 
mineralogy  and  chemistry  the  monchiquite  dyke  found  by  Janse  in  1975  (Sage  and  Crabtree,  1997). 
However,  the  Nicholson  dyke  is  wider  and  longer  and  contains  many  xenoliths  of  gamet- 
harzburgite,  gamet-lherzolite,  spinel-harzburgite  and  eclogite.  Its  age  of  formation  is  approximately 
1 100  Ma  (Sage  and  Crabtree,  1997).  Several  companies  have  tested  the  dyke  for  diamonds  without 
positive  results.  Mineralogical  investigation  by  Sage  and  Crabtree  (1997)  indicated  that  the  lilac- 
coloured  garnets  of  the  Nicholson  dyke  were  not  similar  to  the  G-10  garnets  found  by  Morris 
during  his  alluvial  survey,  so  that  the  source  of  the  alluvial  indicator  minerals  is  still  unknown. 
However,  an  unusual  pyroxene-bearing  kimberlite  in  the  James  Bay  Lowland  with  a  similar  age  of 
formation  as  the  Nicholson  dyke  is  significantly  diamondiferous  (Janse,  Novak  and  McFadyen, 
1995)  which  suggest  that  there  was  a  diamondiferous  intrusive  event  at  this  age  in  Ontario. 

The  appearance  of  many  of  the  lamprophyres,  especially  the  Nicholson  dyke  with  its  many  mantle 
xenoliths,  superficially  resembles  that  of  kimberlites  and  may  be  mistakenly  identified  as  such  by 
prospectors.  Hence  the  reports  of  the  discovery  of  kimberlites  in  the  Wawa  area.  They  are, 
however,  not  kimberlites,  but  ultramafic  lamprophyres  or  alnoites,  similar  to  what  Dawson  once 
described  as  “central-complex  kimberlites”.  The  central  complex  in  this  case  is  the  Firesand 
carbonatite  which  occurs  under  overburden  7  km  east  of  Wawa. 

The  diamondiferous  ultramafic  rocks,  25  to  30  km  north  of  Wawa,  are  not  related  in  mineralogy  or 
age  to  the  lamprophyre  dykes  nearer  to  Wawa  and  their  origin  is  still  unknown. 
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NICKEL  STRUCTURAL  IMPURITIES  IN  NATURAL  DIAMONDS 
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Since  1950s  much  attention  of  researchers  has  been  directed  to  structural  impurities  of 
nitrogen  in  natural  diamonds  (Field,  ed.,  1992).  It  has  been  shown  by  modern  methods  that  nitrogen 
forms  several  different  defects  that  can  modify  physical  properties  of  diamonds.  Structural 
impurities  of  nickel  have  been  investigated  in  synthetic  crystals  grown  from  nickel-containing 
melts. 

In  the  course  of  study  of  a  collection  including  about  100  crystals  of  1-2  carats  in  weight 
from  Yakutia  and  Ural  deposits  (Russia)  we  revealed  structural  impurities  of  nickel  in  natural 
diamonds  by  EPR  (electron  paramagnetic  resonance).  In  this  report  the  types  of  nickel 
paramagnetic  centers  and  the  distribution  of  nickel  impurities  within  a  diamond  crystal  will  be 
considered. 

Samples  and  methods.  Nickel  structural  impurities  were  detected  in  17  among  19  yellow 
stones  from  our  collection.  Most  diamonds  were  commonly  occuring  octahedra  with  parallel  or 
shear-form  lines  on  the  edges  and  negative  trigons  on  the  faces.  Three  stones  were  rounded 
dodecahedra.  Two  diamonds  had  a  cubic  habit.  According  to  physical  classification,  nickel- 
containing  diamonds  fall  under  types  la  and  Ia+Ib,  as  their  IR-specrta  indicate. 

The  EPR- spectra  were  recorded  with  Varian  E- 115  and  RE- 13  06  spectrometers  in  X  band 
(about  9  GHz)  with  modulation  frequencies  of  100  and  25  kHz  at  temperatures  of  77  and  293  K. 

To  determine  of  the  distribution  of  nickel  impurities,  the  plate  was  cut  through  the  center  of 
the  sample  where  the  maximum  concentration  of  nickel  paramagnetic  centers  was  recorded.  The 
plate  was  studied  by  ion  microprobe  analysis  at  Institute  of  Crystallochemistry  and  Crystallography 
of  CNR  in  Pavia  (Italy),  by  X-ray  diffraction  topography  with  C.G.K  camera,  by 
cathodoluminescence  topography  in  SEM  “Stereoscan  MK-IIA”  with  a  color  display  of  video 
information  and  by  local  cathodoluminescence  spectroscopy  using  the  “Electron  Gun”  pulse  beam 
with  the  electron  energy  of  40  keV. 

Nickel  paramagnetic  centers.  Analysis  of  EPR-spectra  shows  that  nickel  is  included  into 
the  natural  diamond  structure  as  the  ion  Ni+  forming  the  NE1,  NE2,  and  Ml  paramagnetic  centers. 


The  paramagnetic  centers  NE1  and  NE2  were  originally  found  in  synthetic  treated  diamonds 
grown  in  the  Fe-Ni-C  system  (Nadolinny  and  Yelisseyev,  1993).  These  centers  give  rise  to  a 
complicated  system  of  EPR  lines  having  the  anisotropic  g-factor  ranging  from  2.007  to  2.130.  It  has 
been  proposed  that  the  center  NE1  is  a  double  semi  vacancy  with  the  Ni+  ion  at  the  center  and  with 
two  nitrogen  atoms  located  in  the  first  coordination  sphere  (Nadolinny  et  al.,  1997).  The  nitrogen- 
nickel-nitrogen  direction  makes  14°  with  the  [110]  direction  of  diamond  lattice.  The  NE2  center  is 
similar  to  the  NE1  one,  joning  an  additional  nitrogen  atom. 

The  Ml  centers  (Mineeva  et  al.,  1994)  first  indentified  during  the  study  of  our  diamond 
collection  have  been  observed  as  single  lines  with  the  widht  of  3x1  O'4  T,  with  each  center  having 
6  geometrically  nonequivalent  positions.  The  center  has  a  tetragonal  symmetry  and  S=T/2  together 
with  g  ||  =  2.0151,  g±  =  2.21 13.  This  center  appears  to  be  a  donor-acceptor  pair  in  which  an  acceptor 
(possibly  B  or  Al)  substitutes  C  and  a  donor  ion  Ni+  is  situated  in  the  nearest  interstitial  position. 

The  maximum  concentration  of  the  centers  NE1  and  NE2  in  studied  diamonds  reached  the 
value  1.6xl018  cm'3  and  that  of  Ml  centers  reached  the  value  l.OxlO17  cm'3.  But  in  most  crystals  the 
concentrations  of  nickel  centers  exceeded  the  detection  limit  of  the  EPR-spectrometer  (above  1016 
cm'3)  only  marginaly.  Among  the  17  crystals  with  NE1  and  NE2  centers,  only  in  4  samples  the  Ml 
centers  were  revealed. 

In  synthetic  diamonds  grown  in  nickel-containing  systems  the  paramagnetic  centers  Nis* 
which  representing  a  single  Ni  ion  in  a  substituted  position  are  quite  common.  After  annealing  at 
2150  K  and  55  kbar  the  simple  Nis'  centers  are  transformed  into  more  complex  centers  NE1  and 
NE2  (Nadolinny  et  al.,  1997)  which  have  just  been  detected  in  natural  diamonds. 

As  it  is  known,  a  similar  tendency  was  established  for  the  most  abundant  nitrogen  impurities 
in  diamonds.  Synthetic  diamonds  contain  nitrogen  as  single  substituting  atoms.  After  experimental 
heating  single  nitrogen  atoms  are  transformed  to  more  aggregate  A-,  B1-,  B2-  defects  (Field,  ed., 
1992).  In  natural  crystals  these  aggregate  defects  occur  most  oftenly. 

Distribution  of  nickel  impurities  within  a  crystal.  X-ray  diffraction  topographs  of  the 
diamond  with  the  maximum  concentration  of  nickel  centers  indicated  that  this  crystal  had  a 
complicated  growth  history.  During  the  first  growth  stage  only  cubic  sectors  grew.  After  cubic  and 
octahedral  sectors  developed  simultaneously.  Finally,  cubic  sectors  grew  out  and  the  crystal  joined 
octahedral  morphology. 

Ion  point-by-point  microprobe  analysis  through  the  (001)  growth  sector  confirmed  the 
presence  of  nickel  impurities  in  the  crystal  and  revealed  their  non-uniform  distribution  (though  this 
technique  discloses  all  types  of  nickel  impurities,  not  only  the  structural  ones).  The  first  growth 
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band  systems  of  the  sector  did  not  involved  nickel  impurities  and  exibited  blue 
cathodoluminescence  emission.  The  following  2-4  bands  contained  nickel  and  emitted  red  light.  In 
the  area,  where  (001)  sector  grew  out,  these  impurities  were  not  observed  and  the  emission  was  blue 
also.  In  the  (001)  sector  the  same  distribution  of  luminescent  colors  was  observed. 
Cathodoluminescence  of  all  octahedral  growth  sectors  was  blue. 

In  cathodoluminescence  spectra  the  broad  band  with  a  peak  near  920  nm  (1.35  eV)  was 
detected  in  all  growth  bands  of  the  (001)  sector.  But  two  sharp  zero-phonon  lines  at  788  and  793  nm 
(1.573  and  1.563  eV,  respectively)  were  found  in  the  nickel-containing  bands  only. 

On  the  basis  of  the  spatial  correlation  it  is  possible  to  suggest  that  the  red  emission  seen  in 
cathodoluminescence  topographs  and  lines  at  788  and  793  nm  in  cathodoluminescence  spectra  are 
due  to  the  presence  of  nickel  impurities.  Since  the  area  with  red  emission  occupied  about  50%  of 
the  studied  crystal  volume,  it  might  be  supposed  that  the  actual  concentration  of  nickel  centers  is  at 
least  twice  the  above  mentioned  value,  that  was  calculated  from  the  net  volume  of  the  crystal. 

Conclusions.  Thus,  structural  impurities  of  nickel  in  natural  diamonds,  as  well  as  nitrogen 
ones,  are  non  uniformly  distributed  through  the  crystal  volume  and  form  complex  centers,  which 
may  arise  as  a  result  of  high  temperature  annealing.  These  data  seem  to  indicate  that  natural 
diamonds  grew  under  varying  conditions  and  were  subjected  to  heating  under  high  T-P  parameters, 
which  appears  to  be  characteristic  for  the  Upper  Mantle. 
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At  present  the  genesis  of  cryptocrystalline  varieties  of  natural  diamonds,  carbonado,  appears  to  be  a 
problem  under  discussion  because  most  carbonado  samples  were  found  in  placer  deposits  with 
unknown  sources.  In  particular,  the  hypothesis  of  non-kimberlite  origin  of  carbonado  has  been 
proposed  (Kaminsky,  1995). 

In  this  work  three  carbonado  samples  from  Yakutian  diamond  deposits  (Russia)  with  unknown 
geological  localities  and  complex  polycrystalline  aggregate  from  the  kimberlite  pipe  "Udachnaya" 
from  the  same  area  have  been  studied.  Microinclusions  were  revealed  by  Analitical  Transmission 
Electron  Microscopy  (ATEM),  impurities  were  detected  by  Instrumental  Neutron  Activation 
Analysis  (INAA)  and  paramagnetic  centers  were  observed  by  Electron  Paramagnetic  Resonance 
(EPR). 

The  carbonado  samples  Nl-3  under  investigation,  being  1.5-2  carat  in  weight,  were  dark  grey  on 
broken  surface  and  black  on  natural  undisturbed  surface,  representing  sings  of  corrosion  effect.  The 
aggregates  were  porous  (the  most  pores  were  observed  in  sample  N2).  Sample  N4  from  the 
“Udachnaya”  pipe  consisted  of  grey  micrograin  mass  structurally  similar  to  the  carbonado  inside 
and  single  diamond  crystals  above  1  mm  in  size  on  the  surface  (Gorshkov  et  al.). 

Methods.  Microinclusions  were  studied  with  the  Electron  Microscope  JEM-100C  (JEOL)  equipped 
with  the  energy  dispersion  spectrometer  Kevex-5100.  For  study  suspension  specimens  were 
prepared.  Energy-dispersion  spectra  characterizing  chemical  composition,  and  electron  diffraction 
patterns  revealing  parameters  of  the  structure,  were  obtained  from  micron-size  particles. 

INAA  was  performed  in  the  laboratory  of  the  IGEM  RAS  according  to  a  standart  procedure 
(analyst  A.L.Kerzin). 

The  EPR-spectra  were  recorded  with  Varian  E- 115  and  RE- 1306  spectrometers  in  X-band  (about 
~9  GHz)  with  modulation  frequences  of  100  and  25  GHz. 

Results.  Using  ATEM  in  carbonado  sample  Nl,  microinclusions  of  anatase,  rutile,  muscovite, 
zircon,  and  florensite  were  revealed.  In  sample  N2,  rutile,  sphalerite,  native  Cr,  Fe,  kaolinite,  and 
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goethite  were  found.  In  sample  N3,  respectively,  rutile,  zircon-xenotime  solid  solutions  and 
intergrowths,  native  Cr,  Fe,  Ni,  pentlandite,  and  florensite  were  detected. 

In  micrograin  masses  of  the  sample  N4,  the  same  inclusions  of  native  metals  -  Fe,  Cr,  Ni,  Cu,  Tl, 
alloy  of  Fe-Ni  and  Fe-Cr,  sulphids  -  sphalerite,  wustite,  and  pyrite  were  disclosed.  Moreover,  there 
were  found  inclusions  of  Cr-shpinel,  magnetite,  and  T1C1. 

According  to  INAA  data,  sample  N3  stood  out  for  the  highest  Rare  Earth  Elements  (REE)  (XLn  = 
361  ppm)  and  relatively  low  metals  contents  (Ag,  Ba,  Zr,  Cr).  On  the  contrary,  in  sample  N2 
relatively  low  REE  (ILn  =  10.5  ppm)  and  raised  metals  concentrations  were  fixed.  Sample  NI  had 
the  intermediate  position. 

In  the  polycrystalline  diamond  aggregate,  high  Cr  and  Fe,  raised  Zn  and  Tl,  and  lower  lanthanoids 
contents  (ILn=7  ppm)  were  observed. 

Note  should  be  taken  that  high  REE  contents  were  fixed  in  the  samples  where  impurities  of  REE- 
concentrating  minerals,  namely,  florensite,  zircon,  and  zircon-xenotime  solid  solutions,  were  found. 
The  distribution  curves  for  the  main  REE  were  obtained  by  a  standart  method,  using  the 
corresponding  value  for  chondrite.  The  samples  of  carbonado  and  polycrystalline  diamond 
aggregates  were  characterised  by  the  negative  type  of  REE  distribution  curves  with  the  obvious 
predominant  of  light  lanthanoids,  which  is  typical  for  kimberlites,  in  particular  for  kimberlites  from 
the  "Udachnaya"  pipe  (Fig.  1).  Furthermore,  the  REE  distribution  in  samples  N2  and  N4  was 
corresponded  to  REE  the  distribution  in  darkgrey  coat  of  zonal  diamond  from  kimberlites  (Bibby, 
1979). 

Using  the  EPR-spectroscopy,  the  centers  PI  (single  nitrogen  atoms),  exchange  coupled  nitrogen 
atoms  centers,  the  centers  W15  (vacancy  with  nitrogen  atom)  (Mineeva  et  al.),  and  the  signals  in 
spectrum  area  with  g~4  were  detected.  The  EPR-spectra  of  the  PI  centers  were  typical  for  spectra 
of  polycrystalline  aggregates,  which  corresponded  to  the  carbonado  structure.  The  concentration  of 
the  PI  centers  reached  the  value  n  x  1019  spin/g. 

Discussion.  Among  the  microinclusions  fixed  in  carbonado,  florensite,  kaolinite  and  goethite  have 
obviously  epigenetic  origin,  as  their  location  in  carbonado  pores  shows. 

Florensite  perhaps  displays  epigenetic  hydrothermal -metasomatic  treatment  which  carbonado  may 
undergo,  in  particular,  in  fluid  rich  kimberlite  magma. 

Most  other  microinclusions  found  in  the  carbonado  samples,  seems  to  be  singenetic  and  were  fixed 
preveously  in  diamond  crystals  from  kimberlites  (Meyer,  1987),  which  shows  the  genetic  similiarity 
of  single  diamond  crystals  and  polycrystalline  aggregates. 
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Native  metals  findings  in  natural  carbonado  samples  have  revealed  the  reduction  environment 
where  carbonado  were  crystallized.  If  native  Ni  is  able  to  crystallize  at  a  relatively  high  oxygen 
fugacity,  then  for  native  Cr  and  Fe  formation  the  reduction  environment  corresponding  to  JW  (Fe- 
FeO)  buffer  is  necessary. 

High  concentration  of  the  PI  paramagnetic  centers  implies  that  carbonado  were  not  subjected  to  the 
post-growth  annealing  under  high  thermodynamic  parameters  (on  the  contrary  to  the  most  diamond 
crystals). 

Association  of  singenetic  inclusions  and  REE  distribution  patterns  in  the  carbonado  being  studied 
may  indicate  their  possible  kimberlite  origin.  This  is  corroborated  by  finding  of  the  complex 
polycrystalline  aggregate  in  the  kimberlite  pipe  "Udachnaya",  with  its  inner  part  being  similar  with 
carbonado. 


Fig.  1.  REE  distribution  patterns: 

(1)  carbonados  sample  Nl;  (2)  carbonados 
sample  N2;  (3)  carbonados  sample  N3;  (4) 
polycrystalline  aggregates  from  kimberlite  pipe 
"Udachnaya"  sample  N4;  (5)  kimberlite  from 
"Udachnaya"  pipe;  (6)  kimberlite  from 
"Udachnaya"  pipe; 
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Diamondiferous  kimberlites  of  the  Liaoning  (Fuxian  kimberlite  province)  and  Shandong  (Mengyin 
kimberlite  province)  Provinces  (Fig.  1),  China  are  located  in  the  eastern  portion  of  the  Sino-Korean 
Craton  (SKC),  NE  China.  The  SKC,  one  of  three  major  Precambrian  continental  blocks  in  eastern 
China,  is  composed  of  two  major  Archaean  continental  nuclei  that  are  surrounded  by  -1,800  Ma 
orogenic  belts.  The  plate  tectonic  history  of  the  SKC  is  complex  but  it  appears  that  it  was  attached 
to  the  Laurentia-Siberia  supercontinent  throughout  most  of  the  Proterozoic  (Li,  1997).  During  most 
of  the  Palaeozoic,  the  SKC  drifted  away  from  the  supercontinent  and  remained  as  an  isolated 
continent  off  East  Gondwanaland.  Suturing  of  the  SKC  to  the  Mongolian  terranes  in  the  north 
began  in  the  Permian  with  the  main  suturing  of  the  SKC  with  the  southern  continental  terranes 
taking  place  from  the  Middle  Triassic  to  Middle  Jurassic  (Li,  1997).  By  the  mid-Cretaceous  the 
SKC  was  firmly  consolidated  into  its  present  position. 

The  eastern  part  of  the  SKC  is  cut  by  the  Tan-Lu  Fault  (Fig.  1),  a  major  tectonic  zone  that  has  a 
strike  extent  of  over  4,000km  extending  NE  into  Far  East  Russia.  Sinistral  displacement  of  520  to 
740km  is  documented  along  the  southern  portion  of  the  Tan-Lu  Fault,  with  movement  taking  place 
predominantly  in  the  mid-Mesozoic.  Precambrian  movement  on  the  Tan-Lu  is  debated,  though  it 
may  have  been  at  least  a  zone  of  crustal  weakness  in  the  Proterozoic.  The  Fuxian  kimberlites, 
located  east  of  the  Tan-Lu  Fault,  are  situated  -5 00km  NE  of  the  Mengyin  kimberlites  which  were 
intruded  west  of  the  Tan-Lu  Fault  system.  Radiometric  dating  on  mineral  separates  from  both  the 
Mengyin  and  Fuxian  province  kimberlites  yield  an  emplacement  of  age  of  ~475Ma  (Dobbs  et  al ., 
1991)  for  both  provinces. 

The  Fuxian  kimberlite  province  occurs  in  three,  sub-parallel,  ENE-trending  belts  within  an  area  of 
-1, 000km2  near  the  large  city  of  Wafangdian.  There  are  over  1 10  known  kimberlite  dykes,  small 
pipes,  and/or  blows  along  the  dykes  that  intrude  into  Upper  Proterozoic  siltstones/sandstones, 
shales,  and  marls  of  the  Nanfen  Group  or  into  Cambrian  limestone.  The  largest  known  pipe  (#42, 
4.2  ha)  is  subeconomic,  and  only  one  kimberlite,  pipe  50  (0.64  ha),  is  presently  being  mined  for 
diamonds  at  an  average  grade  of  0.31  -  0.37  cpt  and  at  a  rate  of  about  400,000  tonnes  per  annum. 
This  pipe  is  located  in  the  central  kimberlite  dyke  trend.  The  absence  of  preserved  crater  facies 
kimberlite  and  the  predominance  of  hypabyssal  facies  rocks,  coupled  with  the  abundance  of  dykes, 
and  small  pipes,  indicate  that  the  Fuxian  province  has  undergone  considerable  erosion  to  expose  the 
root  zone  facies. 

Petrologically,  the  Fuxian  kimberlites  are  composed  of  two  generations  of  olivine  pseudomorphed 
by  serpentine  and/or  calcite,  with  groundmass  phlogopite,  fine-grained  apatite  and  perovskite,  all 
enclosed  in  a  matrix  of  minor  serpentine  and  abundant  late-stage  calcite.  Opaque  phases  include 
well-developed  atoll-textured  spinels,  xenocrystic  chromite,  and  abundant  secondary,  fine-grained 
pyrite,  galena  and  sphalerite.  The  sulfide  phases  are  always  in  association  with  late-stage  calcite  in 
the  groundmass,  former-olivine  crystals,  and/or  in  cross-cutting  veinlets.  Overall,  the  Fuxian 
kimberlites  are  highly  carbonated  and  chloritization  of  serpentine  and  phlogopite  increases  with  the 
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abundance  of  calcite.  Unusual  petrographic  varieties  of  kimberlite  with  lamprophyric  textures  are 
documented  in  a  number  of  dyke  rocks  (dykes  1,  2,  3).  In  particular,  dyke  2  contains  abundant 
former-olivine  crystals  with  cores  of  Cr-spinel,  poikilitically  enclosed  within  late-stage  apatite 
crystals  and  long,  tabular  laths  of  second  generation  Mg-phlogopite.  First  generation  phlogopite  is 
partially  chloritized.  Dyke  3  is  extremely  carbonated,  but  is  associated  spatially  with  1  and  2. 

The  Mengyin  kimberlite  Province  consists  of  three  kimberlite  fields  (Changma,  Xiyu  and  Poli), 
with  only  the  southernmost  Changma  field  containing  economic  diamondiferous  kimberlite.  The 
kimberlites  occur  as  NNE  trending  dikes,  blows  along  the  dikes  and  as  small  pipes.  The  only 
diamond  mine  is  at  pipe  701  (0.45  ha)  where  mining  proceeds  at  an  average  grade  of  lcpt.  Most  of 
the  kimberlites  intrude  Archaean  granite  (Changma  field),  but  some,  i.e.  Poli  and  southern  XiYu 
fields  intrude  Cambrian  to  Middle  Ordovician  limestone.  Minerallogically  the  Mengyin  kimberlites 
have  been  described  as  similar  by  Dobbs  et  al.,  1991.  They  are  composed  of  two  generations  of 
olivine  pseudomorphed  by  serpentine  (+/-  calcite),  in  a  groundmass  of  phlogopite,  monticellite, 
atoll-textured  spinels,  perovskite,  apatite,  serpentine  and  carbonate.  Compared  with  the  Fuxian 
kimberlites,  the  Changma  kimberlites  contain  considerably  less  carbonate.  As  with  the  Fuxian 
province,  the  Mengyin  fields  are  exposed  root  zone  facies  kimberlites. 

Major  element  compositions  of  the  Fuxian  and  Mengyin  kimberlites  are  similar.  The  kimberlites 
are  silica-undersaturated  (10-40  wt%  SiCE)  with  the  lower  silica  values  (<20  wt%)  corresponding  to 
highly  carbonated  samples  (30  -  45  wt%  CaO).  They  are  rich  in  MgO  (up  to  33  wt%;  28%  dyke  2) 
and  potassic  to  ultrapotassic  with  K20/Na20  ratios  varying  between  5-35  (average  =  10-20;  35  = 
dyke  2,  Fuxian).  Concentrations  of  P2O5  are  up  to  2.6  wt%  (dyke  1,  Fuxian),  AI2O3  values  are  <6 
wt%  and  Ti02  is  up  to  2.5  wt%  (pipe  42,  Fuxian). 

The  kimberlites  have  high  concentrations  in  the  compatible  trace  elements  with  Ni  up  to  1,400  ppm 
and  Cr  up  to  2,000  ppm.  The  rocks  are  enriched  in  the  incompatible  trace  elements  such  as  Sr  (up 
to  1,800  ppm;  pipe  50),  Ba  (up  to  3,000  ppm;  8,000-9,000  ppm  for  dykes  1  and  2),  and  LREE’s 
(200  -  1,000  times  chondrite  abundances),  and  have  steep  REE  patterns  (La/Lu  -50-100).  High 
P2O5  and  Ce  (up  to  600  ppm;  dyke  3)  concentrations  correspond  to  the  unusual  apatite-rich  dykes  1 
and  2,  and  dyke  3.  For  the  majority  of  the  kimberlites,  the  moderately  incompatible  element  Nb 
ranges  from  10  to  200  ppm  and  Zr  from  100  to  300  ppm  with  Nb/Zr  ratios  <1.  However,  dykes  1,  2 
and  3  are  distinctly  enriched  in  Nb  with  values  clustered  around  350  ppm  and  Nb/Zr  ratios  of  -1 . 

Petrographically  and  geochemically  the  Fuxian  and  Mengyin  kimberlites  are  most  similar  to  the 
South  African  Group-I  kimberlites.  Differences  are  apparent  by  the  higher  modal  abundances  of 
apatite  in  the  Fuxian  kimberlites,  a  feature  that  is  particularly  evident  in  dykes  1  and  2.  The  latter 
are  phlogopite-rich  with  Ce  and  P2O5  values  similar  to  Group-II  (phlogopite-rich)  kimberlites,  but 
their  Nb/Zr  ratio  are  significantly  higher  than  Group  II  kimberlites  suggesting  they  are  not  derived 
from  a  lithospheric  source.  The  timing  of  kimberlite  emplacement  is  coincident  with  postulated 
large-scale  plate  motions  of  the  large  Gondwanaland  continent  to  the  west  of  the  SKC  (Li,  1 997) 
and  just  prior  to  the  onset  of  the  Caledonian  Orogeny  and  oceanic  subduction  along  the  margin  of 
the  SKC.  Near-surface  controls  to  pipe  emplacement  are  considered  to  be  splay  faults  off  a  larger 
Tan-Lu  structure.  At  Fuxian,  reaction  of  the  intruding  kimberlites  with  the  surrounding  limestone 
host-rock  produced  small-scale,  post-emplacement,  hydrothermal  activity  in  the  vicinity  of  the 
intrusions  resulting  in  remobilisation  of  carbonate  (+  sulfides)  from  the  country  rock  into  the 
kimberlites.  The  lamprophyric-textured  dykes  are  highly  incompatible-element  enriched  primary 
kimberlite  melts  that  crystallized  in  a  hypabyssal  environment,  and  do  not  appear  to  be  differentiate 
products  of  another  kimberlite  magma. 
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Figure  1 .  Location  of  the  Mengyin  and  Fuxian  Kimberlite  Provinces,  China. 
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Tres  Barras  is  a  5  ha  oval  volcanic  pipe  (Fig.  1)  located  five  kilometers  SW  of  the  town  of  Presidente 
Olegario  in  the  state  of  Minas  Gerais,  Brazil.  The  intrusion  is  exposed  along  the  western  erosional 
edge  of  the  Late  Cretaceous  volcano-sedimentary  Mata  da  Corda  Formation.  Alkaline  igneous  rocks 
of  the  Mata  da  Corda  Formation  overly  and  intrude  Early  Cretaceous,  non- volcanic  conglomerates, 
sandstones,  and  mudstones  of  the  Areado  Formation  that  were  deposited  under  fluviatile  conditions. 
The  two  formations  define  the  intracratonic  Sao  Franciscana  Basin  that  developed  on  Proterozoic 
basement  of  the  Bambui  Group.  The  Tres  Barras  area  is  of  economic  significance  because  drainages 
emanating  from  the  Serra  da  Mata  da  Corda  are  all  diamondiferous.  The  occurrence  of  large  (-100 
ct)  diamonds  in  the  headwaters  of  many  drainages  suggests  that  primary  diamond  source  rocks  are 
present. 

Tres  Barras  pipe  consists  of  an  inner  weathered  magmatic  core  in  the  eastern  portion  that  is 
surrounded  by  a  zone  of  lapilli  tuffs,  tuff  breccias,  and  lavas  dipping  gently  to  the  west  (Fig.  1). 
Late-stage,  magmatic  facies  lavas  and  dikes  intrude  the  tuffs  and  breccias.  The  sandstone  country 
rock  appears  to  be  slightly  metamorphosed  along  contacts  with  the  pipe  rocks.  These  features 
resemble  the  pipe  structures  of  the  leucite  lamproite  pipes  at  the  West  Kimberley,  Australia  ie. 
magmatic  core  and  outer  tuff  ring. 

Magmatic  rocks  from  the  pipe  can  be  subdivided  into  either  hypabyssal  kamafugites  or  leucitites. 
The  hypabyssal  kamafugites  are  relatively  equigranular  and  coarse-grained.  These  rocks  are 
dominated  by  clinopyroxene,  perovskite,  titanomagnetitie,  apatite  and  phlogopite.  Phenocrysts, 
where  present,  consist  of  olivine  with  reaction  rims  of  phlogopite,  zoned  clinopyroxene,  and 
perovskite.  Fresh  kalsilite  and  rare  melilite  are  only  present  as  inclusions  in  coarser-grained 
clinopyroxene.  Phillipsite  occurs  as  an  alteration  product  of  kalsilite  and  is  common  as  fine  needles 
in  the  groundmass  and  as  inclusions  in  clinopyroxene. 

The  Leucitites  generally  have  flow-aligned  textures  and  are  characterized  by  phenocrysts  of  twinned 
and  zoned  clinopyroxene,  poikilitic  phlogopite,  perovskite,  and  olivine  pseudomorphed  by 
serpentine.  Glomerocrysts  composed  of  clinopyroxene,  phlogopite  and  apatite  are  present  in  some 
samples.  Groundmass  phases  include  leucite,  K-feldspar,  clinopyroxene,  perovskite, 
titanomagnetite  with  aegirine  and/or  richterite  rims  and  rare  priderite. 

Fresh  olivine  is  only  present  in  the  hypabyssal  kamafugite  (TB-5;  Fig.  1).  Compositions  range  from 
mg#  82.5  to  85.5,  and  ocassionally  up  to  89.  Some  grains  are  zoned  and  show  an  increase  in  FeO, 
CaO  and  MnO  towards  the  rim.  Rare  olivine  may  occur  as  inclusions  in  clinopyroxene. 
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Clinopyroxenes  are  variable  in  composition  and  show  an  increase  in  Na  and  Ti  towards  the  rims. 
Coarse  phenocrysts  have  ~1.0  wt%  Ti02  and  low  A1203  typical  of  lamproitic  diopsides. 
Groundmass  pyroxenes  in  the  leucitites  may  have  significant  solid  solution  towards  aegirine. 

Phenocrysts  and  glomerocrysts  of  phlogopite  have  mg#  -80  and  cores  with  Ti02  -5-6  wt%  and 
A1203  —12-14  wt%.  The  rims  show  a  decrease  in  A1203  to  ~8wt%.  Amphiboles,  which  are 
restricted  to  the  leucitites,  usually  occur  as  rims  on  phenocrystic  clinopyroxene  or  olivine  and  in  the 
latter  case  the  amphiboles  are  associated  with  phlogopite.  The  amphiboles  are  predominantly  K- 
richterite  with  4-5  wt%  K20  and  0.6  -  5.0  wt%  Ti02. 

Perovskite  is  the  most  abundant  titanate  phase  and  contains  up  to  2.0  wt%  Ce203,  typically  ~0.5 
wt%  SrO  and  0.5  wt%  Nb205.  Titanomagnetite  is  the  most  abundant  spinel  with  -4-18  wt%  Ti02 
and  some  grains  contain  up  to  6  wt%  MnO  and  1 .0  wt%  ZnO. 

The  Tres  Barras  pipe  will  be  dated  by  the  SHRIMP  U/Pb  method  on  perovskite  from  kamafugite 
sample  TB-5. 

The  Tres  Barras  rocks  are  silica-undersaturated  with  the  leucitites  varying  between  42-47  wt%  and 
the  kamafugites  -38  wt%  Si02.  The  rocks  vary  from  relatively  primitive  (mg#  =  64-68)  to  olivine- 
fractionated  variants  with  mg#  -50.  Least  altered  leucitites  and  kamafugites  are  potassic  to 
ultrapotassic,  the  highest  K20  content  is  6.8  wt%  in  the  TB-4  leucitite.  The  rocks  are  characterized 
by  high  Ti02/Al203  ratios  (-0.6  for  leucitites  and  -1.0  for  kamafugites)  and  high  CaO  contents 
(typically  -14  wt%  CaO).  Some  incompatible  elements  have  extreme  abundances  such  as  Ba  (up  to 
5.0  wt%  BaO),  Sr  (up  to  2,000  ppm),  Ce  (up  to  680  ppm)  and  Nb  (up  to  300  ppm).  REE 
abundances  fall  in  the  range  typical  for  kimberlites  and  lamproites  although  chondrite  normalized 
La/Lu  ratios  are  lower  (-80)  compared  to  many  kimberlites  and  lamproites  which  typically  have 
ratios  >150.  Trace  element  abundance  patterns  for  the  Tres  Barras  leucitites  are  very  similar  to 
fresh  ugandite  lavas  from  the  S.W.  Uganda  kamafugitic  province  except  for  greater  Ba  enrichment  in 
the  former. 

The  rocks  are  characterized  by  moderate  Nb/Zr  ratios  (—0.4)  which  are  similar  to  that  found  in  other 
Late  Cretaceous-Eocene  potassic  alkaline  rocks  from  central  Brazil  and  alkali  basalts  from  the  Rio 
Grande  Rise  and  Tristan  da  Cuhna  hot  spots.  The  Late  Cretaceous-Eocene  timing  of  alkaline 
volcanism  in  this  part  of  Brazil  suggests  that  this  igneous  activity  is  not  directly  related  to  the 
passage  of  the  Tristan  Da  Cuhna  hot  spot  as  proposed  for  the  generation  of  the  -130  Ma  Parana 
flood  basalts.  However,  the  igneous  activity  is  perhaps  related  to  another  hot  spot  (the  Trinidade  or 
Martin  Vaz  plume)  which  has  modelled  trails  that  pass  just  to  the  north  of  the  Mata  da  Corda  at  85 
Ma  (O’Connor  and  Duncan,  1990).  Anomalous  kamafugitic  chemistry  may  either  reflect  small- 
degree  melting  of  enriched  lithosphere  beneath  SE  Brazil,  or  it  may  be  a  source  feature  relating  to  the 
mantle  plume  itself. 

Similarities  between  the  Tres  Barras  kamafugite  and  leucite  lamproites  of  Western  Australia  suggest 
that  a  kamafugitic  analogue  of  diamondiferous  olivine  lamproites  could  be  present  in  the  Mata  da 
Corda  region,  perhaps  as  an  early  phase  of  volcanicity.  Such  olivine  kamafugite  pipes  could  be  the 
enigmatic  sources  of  alluvial  diamonds  in  the  region. 
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Figure  1 .  Geologic  map  of  the  Tres  Barras  Intrusion  with  location  of  samples. 
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The  Middle  Paleosoic  (D2-C1)  was  the  period  of  high  tectono-magmatic  activity  within 
the  eastern  Siberian  platform.  It  was  marked  by  the  formation  of  the  large  Vilyuisk  paleorift 
system  (Levashov,  1975)  accompanied  by  the  emplacement  of  hypabyssal  cross  intrusions  and 
sills,  pipes,  and  lava  and  tuff  magmatites  of  basic  composition  (Masaitis,  1966).  On  the  north¬ 
west  margin  of  the  paleorift,  the  Vilyui  -  Markha  dyke  swarm  was  formed  controlled  by  a 
zone  of  deep  faults  under  the  same  name.  The  fault  zone  extends  sublatitudinally  for  700  km 
ranging  in  width  from  30  km  in  the  south  to  70  km  in  the  north  (Fig.).  The  basic  rocks  occur 
here  together  with  kimberlite  diatremes  making  up  the  Malobotuobinsk  and  Nakynsk 
kimberlite  fields  in  the  southern  and  central  parts  of  the  fault  zone,  respectively. 
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Fig.  Location  of  the  Vilyui-Markha  dyke  swarm. 

Basic  magmstism  wifhin  the  central  part  of  the  dyke  swarm  is  supposed  to  have  been 
realized  under  dominant  extension  conditions.  This  is  evidenced  by  a  high  concentration  of 
dykes  here,  their  linear  character  and  great  thickness  (up  to  120-150  m  in  places)  as  well  as  by 
the  fact  that  some  of  the  dykes  widen  to  form  chonoliths.  The  dykes  and  chonoliths  are 
composed  of  ophitic  and  prismatic-ophitic  gabbro-dolerites  with  phenocrysts  comprising  no 
more  than  3%  of  the  rocks  in  the  marginal  zones  of  the  dykes.  Plagioclase  An70-60  is 
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predominant  though  rare  tabular  crystals  of  zonal  plagioclase  with  Ans3  in  the  core  and  An38 
on  the  rims  occur  in  all  rock  varieties.  Monoclinic  pyroxene  corresponds  to  augite  (W034- 
36En35-5oFs  12-28).  Hyalosiderite  is  replaced  by  bowlingite  to  a  variable  degree.  In  the  center  of 
the  dykes  hortonolite  is  present.  The  gabbro-dolerites  include  brown  hornblende,  biotite, 
guartz  and  lesser  K-feldspar.  Typical  are  high  amounts  of  ore  mineral  oxides  (up  to  5%)  and 
apatite  (up  to  0-5%).  Magmatites  from  the  periphery  of  the  extension  zone  of  the  dyke  swarm 
show  evidence  for  magma  retardation  in  the  magma  -  feeding  conduits  on  the  way  up  to  the 
surface.  This  led  to  the  formation,  in  some  cases,  of  dykes  of  taxitic  -  ophitic  gabbro-dolerite 
with  phenocrysts  making  up  10  %  of  the  rock  and,  in  other  cases,  of  leucocratic  gabbro- 
dolerite  and  plagiodolerite  dykes  containing  up  to  30%  phenocrysts.  High  contents  (>5%)  of 
phenocrysts  of  the  minerals  of  the  olivine,  plagioclase  and  spinel  series  and  of  the  early  - 
magmatic  ilmenite,  titanomagnetite  and  apatite  provide  direct  petrological  evidence  for 
magma  retardation  in  the  magma  channels  and  its  crystallization  there.  Petrological  - 
geochemical  composition  of  the  bodies  formed  in  such  conditions  is  controlled,  on  the  one 
hand,  by  crystallization  properties  of  each  of  the  above  mentioned  phases  dependant  on  the 
viscosity  of  the  evolving  magma  and,  on  the  other  hand,  by  the  intensity  of  the  process  of 
emanation  redistribution  of  elements  in  an  extensive  vertical  magmatic  column. 

Dykes  of  taxitic  -  ophitic  gabbro-dolerite  are  morphologically  similar  to  those  of 
prismatic  -  ophitic  gabbro-dolerite.  They  are  linear  in  nature  and  have  a  great  length  too,  but 
they  are  not  as  much  thick.  This  suggests  that  magma  -  controlling  structures  were  formed 
under  extension  conditions  which  gave  way  to  short-term  compression.  As  a  result,  the  ascent 
of  the  melt  slowed  down  and  it  suffered  a  significant  crystallization.  The  dykes  contain 
phenocrysts  of  all  the  minerals  of  the  above  mentioned  series.  The  groundmass  of  the  taxitic 
-  ophitic  gabbro-dolerites  is  dominated  by  plagioclase  Anso-34  (60-66%)  occuring  as  large 
zonal  prisms  and  tabular  crystals  with  Ams  in  the  center  and  Ams  on  the  periphery.  The  pale- 
pink  low  -  Ti  augite  has  a  composition  of  \V037En42-46Fs17-21.  Early  olivine  is  represented  by 
chrysolite,  late  olivine  -  by  hyalosiderite,  both  are  partly  or  completely  replaced.  High  (up  to 
10%)  contents  of  ore  mineral  oxides  are  typical.  Sphene  is  constant.  In  terms  of  petrochemical 
composition,  the  rocks  show  ranging  amounts  of  Si  and  high  alumina  concentrations.  Mg 
content  reflects  an  insignificant  loss  of  Of  .  A  loss  of  Ti  indicates  the  involvement  of  early 
magmatic  ilmenite  and  augite  in  the  process  of  magma  differentiation.  Analysis  of 
parageneses  of  phenocrysts  from  these  basic  rocks  suggests  magma  retardation  at  shallow 
depths  where  crystallization  of  PI  1  +  Of  +  Py  1  occurred.  In  other  words,  the  compression 
regime  on  the  periphery  of  the  extension  zones  was  spatially  restricted  to  the  upper  part  of  the 
magma-feeding  conduits. 

Another  group  of  bodies  uniting  dykes  of  leucocratic  gabbro-dolerite  and 
plagiodolerite  formed  in  the  conditions  of  changing  tectonic  stresses,  when  extension  gave  way 
to  stable  compression.  The  dykes  are  less  abundant  here  then  in  the  extension  zones.  They  are 
a  few  kilometers  long,  with  rare  intrusions  measuring  more.  The  dykes  are  found  to  tend  to 
en-echelon  arrangement.  They  are  markedly  thinner  than  the  dykes  in  the  extension  zones  (no 
more  than  25-40  m).  Phenocrysts  amount  to  30%  of  the  bulk  of  the  rock.  When  describing 
such  zones  of  compression  it  is  advisable  to  use  a  term  “ramp  zone”  where  extension  of  the 
proper  rift  zone  is  compensated  to  produce  thrusts  and  strike-slip  faults  which  favour  en- 
echelon  morphology  of  the  fissure  intrusions.  Rocks  of  the  dykes  in  the  ramp  zones  are 
characterized  by  the  presence  of  rare  large  (up  to  3  cm)  and  numerous  small  (3-5  mm) 
labradorite  phenocrysts  which  provide  for  a  porphyritic  texture  of  the  magmatites.  The 
phenocrysts  consist  of  An69-64  in  the  centre  and  An35  on  the  rims.  Most  of  the  prisms,  small 
tabular  crystals  and  laths  have  a  more  acidic  composition:  from  Ans6-48  to  oligoclase.  Pelitized 
K-feldspar  is  constantly  present  (10-15%).  It  occurs  either  interstitially  or  overgrows  or 
completely  replaces  plagioclase.  Titaniferous  augite  (Wo4oEn4o-42Fsi8-2o)  is  replaced  by  biotite 
to  a  variable  degree  and  is  often  overgrown  with  hornblende.  Olivine  is  absent  in  the 
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leucocratic  gabbro-dolerites.  They  contain  high  amounts  of  titanomagnetite  which  occurs  as 
regular  octahedral  grains. The  rocks  are  as  high  in  Al,  Na,  K,  Rb,  Ba  and  Pb  as  those  of  the 
prismatic  -  ophitic  dykes.  The  absence  of  olivine  suggests  a  gravity  settling  of  some  of  the 
phenocrysts  together  with  early  spinellide,  which  caused  a  decrease  in  the  amount  of  Mg,  Fe, 
Ni,  Co,  Cr,  V  and  Sc  as  compared  to  the  basites  of  the  extension  zones.  Estimation  of  a 
possible  depth  of  action  of  compression  regime  in  the  magma  channels  of  ramp  zones,  based 
on  the  phenocryst  parageneses,  suggests  that  it  is  comparable  to  the  depth  determined  for  the 
magma  producing  the  taxitic  -  ophitic  gabbro-dolerite  dykes,  i.e.,  the  compression  regime 
operated  only  in  the  upper  part  of  the  magmatic  column.  Noteworthy  is  a  high  tluid  saturation 
of  the  heterogeneous  parental  substratum  of  the  ramp  zone  dykes,  mainly  in  H2O  and  F,  as 
compared  to  the  dykes  in  the  zones  of  short-term  compression.  It  seems  likely  that  volatiles 
and  K  were  derived  from  an  intermediate  magma  clamber  located  at  the  upper  crustal  level. 
Such  chambers  are  quite  possible  in  the  zone  of  stable  compensation  compression. 

Of  interest  are  dykes  of  prismatic-ophitic  gabbro-dolerite  with  anorthosite  gabbro- 
dolerite  dykes  within  them  showing  an  anorthositic  differentiation  trend  (Oleinikov,  Tomshin, 
1976).  They  are  spatially  restricted  to  the  periphery  of  the  dyke  swarm,  at  the  boundary  of  the 
Vilyuisk  paleorift  system,  and  are  in  close  proximity  to  the  kimberlite  pipes  of  the  Nakynsk 
field.  Their  parental  melt  is  supposed  to  have  suffered  a  long  fractionation  in  an  intermediate- 
level  reservoir  located  at  depth.  Phenocrysts  amount  to  as  much  as  60%  of  the  rocks.  Typical 
are  fused  cores  of  bytownite-anorthite  composition  and  magnesian  chrysolite.  Cr-  rich  spinel, 
moissanite,  apatite  and  native  Cu,  Zn,  Fe,  Pb,  Sb  and  Cd  occur  as  inclusions  in  PI  1  and  Ol,  . 
Heavy  concentrates  include  high-Cr  garnet  and  corundum.  Alumina  and  Ca  contents  are  high 
and  Mg  is  low.  Analysis  of  the  early  mineral  parageneses  suggests  that  retardation  of  magma 
which  produced  the  dykes  occurred  at  depths  of  35-40  km,  at  pressures  ranging  from  10  to  12 
kbar. 

Temporal  relationships  between  kimberlite  and  basic  magmatism  of  the  Vilyui-Markha 
zone  are  ambiguous.  The  presence  of  dolerite  xenoliths  of  Middle  Paleosoic  age  and  basalts  of 
the  Appaya  formation  (D2)  in  the  kimberlite  pipes  of  the  Malobotuobinsk  field  strongly 
indicates  that  basic  magmatism  predated  kimberlite  one.  No  xenoliths  of  basic  composition 
were  found  in  the  kimberlites  of  the  Nakynsk  field.  Geological  studies  carried  out  in  the  region 
revealed  that  prismatic  -  ophitic  gabbro-dolerites  of  a  presumed  Devonian  age  and  kimberlites 
of  the  Nyurbinskaya  pipe  are  injected  by  alkali  basites  (SiCF  -  44,7%,  K2O  -  6,6%,  Na20  - 
0,5%).  The  kimberlites  and  both  basite  varieties  are,  in  their  turn,  altered  by  the  rocks 
compositionally  similar  to  carbonatites.  From  what  has  been  said  above  it  follows  that  an 
active  magma  system  lived  long  at  depth  in  the  Nakynsk  kimberlite  field  which  provided  for 
the  following  sequence  of  emplacement  of  magmatic  rocks:  tholeiitic  basalts,  including 
intrusions  with  an  anorthositic  differentiation  trend  -  kimberlites  -  alkali  basalts  - 
carbonatites. 
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Introduction 

Establishing  a  universal  origin  for  microdiamonds  is  greatly  complicated  by  the  range  of  physical  and 
chemical  properties  seen  in  large  populations  of  these  stones,  nevertheless,  many  suites  share  similar 
trends.  These  trends  can  be  used  to  constrain  the  circumstances  surrounding  the  genesis  of 
microdiamonds.  With  few  exceptions,  microdiamonds  extracted  from  kimberlite  diatremes  retain  a 
high  proportion  of  octahedral  growth  forms  that  are  commonly  accompanied  by  stones  of  cubic,  or 
more  rarely,  cubo-octahedral  morphology.  Coexisting  in  this  size  fraction  are  resorbed  or  rounded 
species  which  customarily  share  some  of  the  characteristics  preserved  by  their  primary  counterparts. 
However,  it  is  the  survival  of  the  octahedral  form  within  microdiamond  suite  that  has  been  the  subject 
of  most  interest.  A  number  of  genetic  models  have  been  advocated  for  their  origin  (Haggerty,  1986; 
Pattison  and  Levinson,  1995).  These  include  evolution  in  the  mantle  environment  with  or  without 
the  influence  of  mantle-derived  fluids  and  development  in  the  kimberlite  melt  itself,  but  as  noted  by 
Pattison  and  Levinson  (1995),  very  few  studies  to  date  are  supported  by  data  that  can  adequately 
resolve  this  debate. 

In  order  to  evaluate  the  above  hypotheses  over  1600  microdiamonds  extracted  from  12  geographically 
diverse  kimberlite  pipes  (covering  Australia,  Russia,  Brazil,  Finland  and  South  Africa)  have  been 
investigated  for  their  morphological  (both  external  and  internal)  and  nitrogen  aggregation 
characteristics.  The  nitrogen  contents  and  aggregation  states  for  whole  microdiamonds,  all  of  which 
measure  less  than  0.5  mm,  were  determined  by  Fourier  Transform  Infra-red  (FT-IR)  spectroscopy 
using  the  facilities  and  procedure  outlined  in  Trautman  et  al  (1997).  The  nitrogen  characteristics  of 
many  of  these  microdiamonds  were  reported  in  an  earlier  work  (Trautman  et  al,  1997),  but  the 
recognition  that  diamond  may  have  complex  zonation  on  the  basis  of  its  nitrogen  distribution  ( 
provided  the  impetus  for  studies  based  on  their  cathodoluminescence  properties.  Whereas  external 
morphology  gives  some  indication  of  the  final  stages  of  diamond  growth  (or  dissolution)  prior  to 
surface  emplacement,  investigation  of  a  diamond's  internal  structure  provides  information  on  much  of 
its  growth  history.  141  polished  microdiamond  sections  have  been  examined  by 
cathodoluminescence  under  a  constant  set  of  conditions;  1 5  kV  accelerating  voltage,  25  mm  working 
distance  and  3  nA  beam  current,  using  a  JEOL  6400  scanning  electron  microscope  coupled  to  a 
cathodoluminescence  detector  .  Preparation  of  internal  sections  for  cathodoluminescence  work 
involved  embedding  the  microdiamond  samples  within  epoxy  resin  prior  to  polishing  to  a  central  level 
using  a  low-speed  diamond  lap. 

Cathodoluminescence  data 

Cathodoluminescence  imaging  has  revealed  not  only  the  existence  of  internal  zonation  among 
kimberlite-derived  microdiamonds,  but  a  large  degree  of  internal  variability  that  provides  strong 
evidence  for  complex,  multistage  growth  histories.  In  most  cases  the  evolutionary  sequence  appears 
unrelated  to  the  external  morphology  of  the  crystal  and  instead  follows  one  of  three  general  trends 
noted  by  Bulanova  and  Milledge  (1995)  to  occur  in  macrodiamonds;  1)  homogeneity,  which  may 
involve  subtle  internal  variations  in  cathodoluminescence  intensity,  2)  simple  octahedral  growth,  or  3) 
complex  internal  arrangements  that  in  part  display  the  above  characteristics,  but  also  involve  abrupt 
changes  in  crystal  habit  or  the  dominant  growth  mechanism.  Microdiamonds  characterised  by  internal 
uniformity  or  a  patchy  and  diffuse  distribution  of  luminescence  centres  appear  to  be  the  product  of 
single-stage  growth,  but  examples  of  homogeneity  are  largely  subordinate  to  crystals  possessing 
simple  and  multi-stage  zonation.  In  general  cuboids  and  cubo-octahedra  have  the  least  complex  body 
structures  in  any  suite  and  are  essentially  poor  in  luminescence  character.  Few  samples  of  this  nature 
contain  the  'agate-style'  zonation  described  by  Bulanova  and  Griffin  (1995)  or  exhibit  earlier 
generations  of  diamond  which  have  acted  as  nuclei  for  cubic  growth.  The  majority  of  kimberlite 
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microdiamonds  (and  subsequently  octahedral  and  dodecahedroidal  crystals)  are  comprised  almost 
entirely  of  primary  growth  structures,  with  or  without  a  seed  or  distinctive  point  of  nucleation. 
Successive  stages  of  growth,  typically  less  than  20pm  in  width,  are  accompanied  by  marked  changes 
in  cathodoluminescence  intensity  that  may  also  reflect  intermittent  resorption  or  the  presence  of  earlier 
generations  of  diamond  acting  as  cores  or  inclusions.  Viewed  in  section,  a  large  proportion  of 
simply-zoned  crystals  demonstrate  concentric  growth  in  which  minor  structural  anomalies  disrupt  the 
smooth,  planar  layering  expected  for  ideal  octahedral  growth.  More  uncommon  are  examples  of 
rough  octahedral  layering  in  which  the  octahedral  zonation  is  exemplified  by  a  characteristic  'zig-zag' 
structure  under  cathodoluminescence  (Bulanova  and  Milledge,  1995).  Complex  internal  structures  are 
confined  to  fewer  crystals,  but  still  make  up  a  significant  portion  of  the  cathodoluminescence  patterns 
observed  in  kimberlite  microdiamonds.  Broadly  assigned  to  one  of  the  following  genetic  groups,  the 
uniqueness  of  these  images  severely  hampers  any  direct  analogies  between  complexly-zoned  stones; 
1)  rounded-* octahedron,  2)  cube-*  octahedron,  3)  cube-* rounded-* octahedron,  4)  cubo- 
octahedron-*octahedron,  5)  cubo-octahedron-*rounded-*octahedron,  6)  octahedron-*cube,  7) 
polycentric.  Figure  1  illustrates  the  level  of  internal  variation  that  exists  for  a  set  of  morphologically 
distinct  microdiamonds. 

Nitrogen  content  and  aggregation 

Results  from  FT-IR  spectroscopy  show  that  two  classes  of  diamond,  nitrogen-deficient  and  nitrogen¬ 
bearing,  are  present  among  the  microdiamonds  derived  from  kimberlitic  hosts.  Contributions  from 
both  species  are  substantial,  but  the  majority  of  microdiamonds  are  affiliated  with  substitutional 
nitrogen  whose  characteristics  are  dependent  in  part  on  crystal  morphology.  Nitrogen  aggregation  is 
notably  impeded  amongst  cuboids  and  cubo-octahedra  which  show  a  strong  affiliation  with  impurities 
attributed  to  singly-substituted  and  paired  nitrogen  defects.  Most  stones  of  this  nature  incorporate 
nitrogen  purely  as  A-centres,  however  examples  of  mixed  Ib-IaA  and  limited  IaA-IaB  aggregation  are 
commonly  dispersed  throughout  the  sample  sets.  In  contrast,  octahedra  or  dodecahedroids  displaying 
an  affiliation  with  the  Ib-IaA  aggregation  spectrum  are  rather  more  exceptional,  and  even  samples 
accommodating  nitrogen  exclusively  as  A-defects  are  largely  outnumbered  by  stones  in  possession  of 
mixed  A-  and  B-defects.  The  composition  of  nitrogen  defects  in  type  la  microdiamonds  ranges  from 
pure  IaA  to  100%  IaB,  but  despite  the  broad  spread  it  appears  most  samples  are  poor  in  B-defects 
with  very  few  experiencing  conditions  favourable  for  extensive  A-B  conversion.  Likewise  the  range 
of  nitrogen  contents  for  kimberlite-derived  microdiamonds  is  considerable,  spanning  from  negligible 
or  not  detectable  levels  of  nitrogen  to  more  than  2400  atomic  ppm.  The  distribution  pattern,  however, 
is  by  no  means  uniform,  induced  in  part  by  a  salient  component  of  nitrogen-deficient  and  nitrogen- 
poor  stones  and  the  high  levels  of  nitrogen  typically  acquired  by  stones  of  cubic  descent. 
Consequently  the  greatest  proportion  of  stones  contain  negligible  or  low  levels  of  nitrogen  (<1000 
atomic  ppm). 

Discussion 

The  conditions  surrounding  the  development  of  nitrogen-free  diamond  are  as  yet  unknown,  but  the 
thermal  history  accompanying  type  I  microdiamonds  prior  to  their  extrusion  at  the  earth's  surface  can 
be  broadly  constrained  by  their  nitrogen  aggregation  characteristics.  Significant  nitrogen  aggregation 
in  kimberlite  microdiamonds,  combined  with  the  apparent  sparsity  of  single-substitution  defects, 
suggests  an  origin  concurrent  with  kimberlite  emplacement  is  unfeasible  for  most  microdiamond 
components.  Limited  IaA-IaB  aggregation  linked  with  moderate  nitrogen  contents  indicate 
microdiamonds  form  within  the  temperature  regime,  possibly  over  large  periods  of  time  as  expected 
for  their  macrodiamond  counterparts.  Likewise,  the  non-uniform  and  multistage  growth  patterns 
revealed  by  cathodoluminescence  imaging  are  unlikely  to  complement  a  rapid  or  instantaneous 
derivation  in  any  source  environment.  Microdiamonds  probably  grow  in  multiple  events  or 
continuously,  however  the  diversity  present  within  the  studied  microdiamonds  cannot  be  reconciled 
with  a  single  environment  for  microdiamond  genesis.  Instead  these  microdiamonds  share  many 
features  commonly  reported  for  macrodiamonds,  which  would  suggest  a  common  origin.  The 
possibility,  however,  of  other  crystals,  specifically  those  deficient  in  nitrogen  and  demonstrating 
single-stage  growth,  developing  in  other  sources  favourable  to  diamond  development  cannot  be 
eliminated. 
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Figure  1.  Growth  structures  of  kimberlite  microdiamonds  under  cathodoluminescence 

a)  Octahedron:  classic  cubo-octahedron— toctahedron  zonation  (Aikhal  kimberlite)  b)  Octahedron:  dendritic/cubic— trough- 
layered  octahedron  zonation  (Sytykanskaya  kimberlite)  c)  Dodecahedroid:  sectorial  development  during  growth  of  a 
planar  dodecahedron?  (Sputnik  kimberlite)  d)  Dodecahedroid:  polycentric  development  (Yubileynaya  kimberlite)  e) 
Cuboid:  octahedron-tcube  zonation  (Yubileynaya  kimberlite)  f)  Cuboid:  'agate'  style  zonation  (Excalibur  kimberlite) 
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Target-specific  airborne  geophysical  forecast-exploration  technology  for 
diamond  deposits  «Field  -  Cluster  -  Pipe» 

V.  A.  Tsyganov,  R.  S.  Kontarovich 

State  Scientific  -  Production  Enterprise  «AeroGeoPhysica»,  4,  Nizhnyaya  Krasnoselskaya  ul,  Moscow,  107140  Russia, 


The  current  level  of  airborne  geophysics  enables  changing  the  technological  use  of  airborne 
geophysics  to  solve  different  applied  geological  problems. 


Instead  of  traditional  direct  prospection  for 
diamond  deposits,  using  local  geophysical 
anomalies,  and  occasional,  irregular  attempts  to 
identify  other  forecast  factors,  the  current  state 
of  geophysics  allows  the  development  and  use 
of  target-oriented  airborne-geophysical 
forecast-exploration  technologies,  designed  to 
effectively  discover  specific  commercial  types 
of  diamond  deposits  in  specific  landscape- 
geological  environments. 


Fig.  1.  Exploration  targets 


The  said  circumstances  encourage  the  development  of  standard,  target-oriented  airborne- 
geophysical-geological  research  technologe  fully  designed  to  resolve  specific  applied  problems  in 
the  most  efficient  way.  In  each  particular  instance,  the  technology  focus  must  be  supported  with  - 
•  target-specific  choice  of  required  work  stages,  airborne  geophysical  methods  and  modifications, 
measurement  accuracy,  survey  scales  and  flight  altitudes  for  different  work  stages, 

•  target-specific  methods  of  data  processing  and 
presentation,  a  set  of  required  additional  information, 

•  target-specific  flowchart  for  general  and  forecast  data 
interpretation. 

Let's  discuss  and  illustrate  the  general  principles  of 
development  of  target-specific  airborne-geophysical 
forecast-exploration  technologies  for  diamonds,  with 
exploration  applications  as  an  example. 


Exploration  targets.  In  the  first  approximation,  a 
profitable  diamond  deposit  in  specific  geo-economical 
conditions  is  the  target  of  any  exploration.  On  second 
thought,  however,  one  can  see  that  among  the  targets  are 
a  great  number  of  explorationally  important  geological 
phenomena,  and  their  logical  identification  aggregately 
determines  the  work  technology. 


f  (dTa)  -  ■ 
max  f(Th,K) 

pipe  rsn 


□  □  + 


Field 


Q 


Fig.  2  Small-scale  airborne  magnetics  and 
gamma-ray  surveys  -  kimberlite  field 


Fig.  1  shows  a  part 
exploration  target  in 


of  logical  identification  of  an 
diamond  primary  deposit 


prospecting.  Index  I  indicates  an  exploration  target  to  be  distinguished  during  the  early  exploration 
Stage  -  the  "mineragenic  zone".  Within  a  diamond-bearing  province  and  subprovince  it  is  linear  or 
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near-linear  geological  structure  accommodating  all  known  kimberlite  fields.  Hence,  during  diamond 
prospecting  in  sufficiently  large  areas,  the  diamond  mineragenetic  zone  is  an  independent 
exploration  target.  After  identifying  a  prospective  diamond¬ 
bearing  mineragenic  zone,  the  step  is  to  delimit  it  within 
areas  prospective  for  kimberlite  field  discovery  (Index  II  in 
Figure  1).  The  next  step  is  to  detect  within  these  areas  local 
sites  prospective  for  kimberlite  body  clusters  (Index  III  in 
Fig.  1)  and,  within  them,  detailed  areas  and  anomalies 
prospective  for  kimberlite  pipes  (Index  IV  in  Fig.  1). 

In  the  given  example,  the  threshold-profitable  deposit  (see  V 
in  Fig.  1)  serves  as  an  end  exploration  target ,  and  the 
mineragenic  zone,  field,  cluster,  pipe  as  intermediate  targets.. 

All  the  exploration  targets  (in  our  case,  a  diamond-bearing 
province  —  subprovince  — diamond-bearing  mineragenic 
zone  —  kimberlite  field  —  pipe  cluster  —  pipe)  form  a 
hierarchical  series  of  intermediate  exploration  targets. 

Intermediate  targets  admit  of  two  work  flowcharts  or 
combinations  thereof  in  practical  exploration.  These  are  the 
above-described  phased  research  and  reduced  exploration 
which  makes  it  possible,  under  favorable  conditions 
(contrasted  indicatory  features  of  exploration  targets, 
favorable  landscape-geological  environment),  to  skip  some 
work  stages.  It  is  important  to  note  that  a  reduced  technology 

is  less  reliable  and,  as  a 
rule,  is  replaced  by  a 
phased  approach  in  due 
course. 

The  right-hand  part  of  Figure  1  is  a  schematic  representation  of 
the  technology  of  identifying  an  intermediate  target,  using  the 
method  of  identifying  kimberlite-cluster  prospective  sites 
(Index  III)  in  the  way  of  example.  Index  Ilia  shows  geological 
phenomena  reflecting  geological  regularities  in  the 
development  of  the  given  territory,  which  account  for  the 
specific  location  of  the  respective  member  of  exploration  target 
hierarchy  (exploration  prerequisites);  Illb  is  geological 
phenomena  reflecting  peculiar  features  of  the  exploration 
target,  expressed  in  structural  peculiarities  of  the  host 
landscape-geological  medium  (exploration  indications).  Hence, 
both  exploration  prerequisites  and  exploration  indications, 
while  they  are  most  important  factors  of  exploration  target 
(intermediate)  localization,  also  turn  out  to  be  exploration 
targets.  They  can  be  called  particular  exploration  targets. 

Exploration  prerequisites  used  in  exploration  are  quite  diverse. 
They  are  geological  regularities  manifesting  themselves  at 
various  material  levels  of  terrain  structure:  geochemical, 
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Fig.  3.  Medium-scale  airborne  EM, 
surveys  -  kimberlite  claster 
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mineralogical,  petrographical  (or  lithological),  formational,  and  tectonical  (1,  2, n  in  Fig.  1).  The 
manifestation  forms  of  exploration  indications  -  geological  phenomena  indicating  (directly  or 
indirectly)  the  presence  of  an  intermediate  exploration  target  or,  to  be  more  precise,  the  fact  of  its 
formation,  are  rather  diverse,  too  (7,  2,....,  k  in  Fig.  1).  They  appear  in  the  same  particular  geological 
fields  or  static  geological  systems.  n===^ _ 


The  important  feature  of  static  geological 
systems  is  material  reflection  of  regularities 
typical  of  systems  holding  a  higher  hierarchic 
position  (for  example,  formational  or  tectonic), 
in  systems  of  a  relatively  low  level 
(mineralogical  or  geochemical).  Consequently, 
almost  all  exploration  prerequisites  and 
indications  can  be  clearly  reflected  in  the 
simplest  material  geological  fields:  geochemical, 
mineralogical,  petrographical. 


The  variability  of  geological  fields,  by  its  nature, 
reflects,  to  various  extents,  the  variability  of 
simple  geological  fields,  and  with  them,  with  a 
different  degree  of  contrast,  exploration 
prerequisites  and  indications. 

With  this  approach,  every  metrically  reliable 
geological  phenomenon,  manifesting  itself  in  one  form  or  another  in  measured  or  described 
geological-geophysical  fields,  must  have  a  semantic  classification  label  in  geological  or 
landscape-geological  terms.  Between  these  phenomena,  interrelations  are  established,  like 
"higher-lower",  "younger-older",  "bedrock-landscape",  and  so  on.  By  this  way,  geological  and 
landscape-geological  maps  of  territories  are  created. 

The  last  data  interpretation  step  is  the  transition  from  geological  and  landscape-geological  models  to 
logical-semantic  target-specific  models.  All  geological  phenomena  described  in  the  course  of 
interpretation  and  unexplained  elements  of  geophysical  fields  are  then  classified  into  the  some 
forecast-exploration  categories: 

1)  Prerequisites  of  explorational  forecasting  of  a  single  or  several  exploration  target  out  of  the  pre¬ 
set  intermediate  exploration  targets; 

2)  2)Direct  or  indirect  indications  of  a  single  or  several  exploration  targets  out  of  the  pre-set 
intermediate  exploration  targets; 

3)  3)  Phenomena  complicating  identification  of  concrete  particular  exploration  targets  ; 

4)  4)  Phenomena  which  do  not  have  a  forecast  value  and  do  not  influence  identification  of  data 
which  is  useful  for  the  purpose.  Next,  a  forecast  map  is  made  for  the  territory  of  work,  with  a 
spatial  picture  of  identified  prerequisites  and  indications  of  intermediate  exploration  targets,  i.e.  a 
forecast  map  of  the  respective  work  stage. 

For  each  of  the  identified  forecast  factors,  an  area  model  of  assessing  the  reliability  of  identifying 
that  factor  is  then  made,  and  on  the  basis  of  a  group  of  models  a  complete  map  of  exploration 
reliability  assessment  for  the  territory. 
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Fig.  5  Detailed  high-accuracy  airborne  gamma-ray 
survey 

1 -slopes  of  various  stepness,  2-  foot  of  slopes,  3-  flood 
plain  of  a  river,  4-  kimberlite  pipes,  5-  secondary 
radiogeochemical  halos  of  kimberlite  pipes 
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of  Moissanite  (SiC)  bearing  Silicate  Systems 
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The  mineral  moissanite,  SiC,  has  been  found  worldwide,  though  in 
very  low  concentrations,  in  kimberlites  and  lamproites.  Thus 
kimberlitic  magmas  seem  to  have  tapped  moissanite  bearing  source 
materials  in  the  Earth's  mantle. 

In  silicate  and  oxygen  bearing  surroundings  SiC  may  be  oxidized 
according  to 

SiC  +  02  =  C  +  Si02  (MsCQ)  ,  and 

Mg2Si04  +  SiC  +  02  =  C  +  2  MgSi03  (MsOCP) 

The  oxygen  fugacities  of  these  buffer  reactions  thus  indicate  the 
limiting  oxygen  fugacities  in  the  source  regions  of  moissanite- 
bearing  kimberlitic  or  lamproitic  magmas  in  the  mantle. 

Thermodynamic  calculations  resulted  in  oxygen  fugacities  of  (MsCQ) - 
and  (MSOCP) -assemblages  of  six  to  eight  log  units  below  the  generally 
accepted  Earth's  upper  mantle  models  with  A(FMQ)  =  +2  to  A(FMQ)  =  -3. 
Their  oxygen  fugacities  were  calculated  to  be  lower  than  the 
(Cr-Cr203)  buffer  and  even  slightly  lower  than  the  (Mn-MnO)  buffer, 
but  higher  than  the  (V-VO)  buffer. 

For  the  experimental  determination  of  the  oxygen  fugacity  of  the 
above  moissanite  bearing  silicate  systems  the  oxygen  membrane  cell 
(Woermann  et  al.,  1982)  was  employed.  It  utilizes  cubic  Zr02  as  an 
inert,  semipermeable  membrane  for  oxygen  exchange,  where  the  membrane 
separates  the  unknown  substance  from  a  known  buffer.  Under  the 
conditions  of  the  experiment  oxygen  is  transported  from  the  side  with 
the  higher  f02  through  the  membrane  to  the  side  with  the  lower  /02  . 
Thus  it  is  possible  to  compare  the  f02  of  the  substance,  here  a  SiC- 
bearing  silicate  system,  with  the  f02  of  the  buffer  employed.  The 
oxygen  membrane  cell  was  exposed  to  a  temperature  of  1500 °C  and 
pressures  of  15  kbar  in  a  piston  cylinder  press  in  Aachen  and  of 
90  kbar  in  a  multi-anvil  device  in  Bayreuth. 
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The  experimental  results  show  : 

For  the  buffer  pair  (MsOCP) / (Cr-Cr203)  :  graphite  and  enstatite 
formed  on  the  (MsOCP) -side  and  chrome  metal  was  precipitated  on  the 
(Cr-Cr203) -side.  (MsOCP)  is  thus  more  reducing. 

-  For  the  (MsOCP) / (Mn-MnO)  pair:  graphite  and  enstatite  formed  on  the 
(MsOCP) -side  while  manganese  metal  precipitated  on  the  (Mn-MnO) - 
side,  demonstrating  that  (MsOCP)  is  more  reducing. 

-  For  the  (MsOCP) / (V-VO)  pair:  SiC  and  olivine  formed  from  the  phases 
enstatite  and  graphite/diamond,  showing  the  the  (V-VO) -buff er  is  more 
reducing. 

In  summary  the  sequence  of  oxygen  fugacities  is: 

(IW)  >  (Cr-Cr203)  >  (Mn-MnO)  >  (MsCQ)  >  (MsOCP)  >  (V-VO)  >  (Ti-TiO) 

The  normal  run  duration  was  23  hours.  Even  at  1500 °C  no  reaction  was 
going  to  completion,  but  a  distinct  corrosion  of  the  starting  phases 
and  the  formation  of  minor  amounts  of  reaction  products  were 
sufficient  to  determine  the  direction  of  the  reaction. 

The  experimental  results  thus  clearly  confirmed  the  thermodynamic 
calculations  in  the  entire  pressure  range  15-90  kbar  at  a  temperature 
of  1500  °C . 

Since  moissanite  has  been  identified  as  a  mineral  in  kimberlites,  and 
since  moissanite  requires  low  oxygen  fugacities  even  below  those  of 
the  (Mn-MnO) -buffer  it  follows  that  in  the  source  region  of 
kimberlitic  magmas  at  least  locally  corresponding  low  oxygen 
fugacities  must  be  verified. 
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Natural  Trace  Element  Distribution  Coefficients  for  Garnet,  Clino-  and 
Orthopyroxene:  Variations  with  Temperature  and  Pressure 

Van  Achterbergh,  E.1,  Griffin,  W.L.1,2,  Shee,  S.R.3,  Wyatt,  B.A.3  and  Sharma,  A.L.1 

1.  GEMOC  National  Key  Centre,  School  of  Earth  Sciences,  Macquarie  University,  NSW  2109,  Australia 

2.  CSIRO  Exploration  and  Mining,  P.O.  Box  136,  North  Ryde,  NSW  2113,  Australia 

3.  Stockdale  Prospecting  Ltd.,  P.O.  Box  126,  South  Yarra,  VIC  3141,  Australia 

Knowledge  of  the  distribution  of  elements  in  minerals  is  an  essential  tool  for  modelling  anatectic 
and  metasomatic  processes  in  the  upper  mantle.  Using  the  high  sensitivity  Laser  Ablation  ICP-MS 
microprobe,  new  data  on  the  partitioning  of  trace  and  rare  earth  elements  (REE)  between  garnet  and 
pyroxene  have  been  obtained  This  study  is  based  on  a  suite  of  peridotite  xenoliths  from  the 
Wesselton  kimberlite  pipe  and  reports  preliminary  results  for  the  partitioning  of  these  elements 
between  garnet,  clinopyroxene  (cpx)  and  orthopyroxene  (opx).  Petrographic  investigation  and 
detailed  electron  microprobe  analysis  of  the  major  elements  established  that  the  minerals  are 
homogeneous  and  likely  to  be  in  chemical  equilibrium. 

Compositional  variation  (for  the  major  elements)  within  the  selected  suite  is  minimal  (with  one 
exception),  whereas  a  range  in  temperature  (T)  and  pressure  (P)  is  represented.  This  allows  an 
investigation  of  the  effects  that  these  physical  parameters  have  on  the  distribution  of  the  elements, 
independent  of  compositional  effects.  In  accordance  with  Watson  (1985),  deviation  from  Henry’s 
Law  is  assumed  to  be  negligible.  Details  of  the  major  element  compositions  are  given  in  Table  1  and 
the  trace  and  REE  distribution  coefficients  are  listed  in  Table  2. 


Table  1:  Major  element  data  for  the  Wesselton  xenoliths.  All  values  in  weight%,  ND  =  not  detected.  T  from  Griffin  et 
al.  (1989)  and  Ryan  et  al„  (1996),  P  from  Finnerty  and  Boyd  (1984). 


Sample 

SiO? 

TiO? 

A1A 

CrA 

FeO 

MnO 

MgO 

CaO 

Na-,0 

K?0 

T(°C) 

P  (kbar) 

959  gt 

40.3 

0.03 

^09 

3.73 

8.34 

0.47 

19.4 

5.25 

0.03 

ND 

872 

36 

960  gt 

39.8 

0.05 

20.6 

3.79 

8.34 

0.55 

19.9 

5.01 

0.04 

ND 

809 

32 

965  gt 

39.9 

0.07 

21.1 

3.24 

8.26 

0.44 

19.9 

4.90 

0.03 

ND 

819 

33 

966  gt 

40.0 

0.03 

18.6 

6.69 

7.18 

0.36 

19.7 

5.89 

0.03 

ND 

997 

46 

968  gt 

40.6 

0.04 

20.6 

3.89 

7.30 

0.42 

20.2 

5.24 

0.03 

ND 

1013 

46 

959  cpx 

53.8 

0.09 

2.23 

1.83 

2.15 

0.07 

15.6 

21.0 

1.93 

0.01 

872 

36 

960  cpx 

53.8 

0.13 

3.03 

2.17 

2.50 

0.02 

14.6 

19.8 

2.65 

0.01 

809 

32 

965  cpx 

54.4 

0.14 

2.48 

2.07 

2.29 

0.06 

15.3 

20.6 

2.11 

ND 

819 

33 

966  cpx 

53.8 

0.03 

2.23 

2.44 

2.28 

0.07 

16.0 

19.4 

2.26 

0.01 

997 

46 

968  cpx 

54.0 

0.02 

1.73 

1.40 

2.26 

0.10 

17.0 

20.9 

1.44 

0.02 

1013 

46 

994  cpx 

53.1 

0.04 

2.51 

2.18 

2.25 

0.05 

15.0 

20.6 

2.25 

0.01 

821 

34 

995  cpx 

52.6 

0.17 

2.36 

1.66 

2.43 

0.03 

15.4 

20.8 

2.02 

ND 

851 

36 

996  cpx 

53.3 

0.06 

2.24 

1.86 

2.25 

0.04 

15.4 

21.0 

1.91 

0.01 

862 

36 

1001  cpx 

52.7 

0.45 

2.28 

2.41 

3.71 

0.10 

16.8 

17.7 

1.96 

0.01 

1080 

51 

1007  cpx 

54.0 

0.25 

2.31 

2.40 

2.38 

0.07 

16.2 

18.5 

2.29 

0.05 

1047 

49 

994  opx 

57.0 

0.02 

0.72 

0.26 

4.94 

0.12 

36.6 

0.25 

0.06 

0.002 

821 

34 

995  opx 

57.5 

0.06 

0.72 

0.22 

5.27 

0.12 

36.1 

0.26 

0.07 

0.004 

851 

36 

99(5  opx 

57.5 

0.03 

0.74 

0.26 

5.05 

0.11 

36.3 

0.27 

0.04 

0.002 

862 

36 

1001  opx 

56.9 

0.06 

0.69 

0.42 

6.45 

0.12 

34.6 

0.62 

0.16 

0.006 

1080 

51 

1007  opx 

57.7 

0.06 

0.70 

0.37 

4.39 

0.14 

36.1 

0.58 

0.17 

ND 

1047 

49 

Garnet  -  Clinopyroxene  Partitioning:  A  comparison  of  the  new  distribution  coefficient  data 
from  Wesselton  with  data  available  in  the  literature  (and  some  unpublished  data),  shows  generally 
good  agreement  (Figure  1).  This  is  despite  the  fact  that  the  trace  element  composition  of  both  the 
garnet  and  cpx  reflects  extensive  metasomatism,  which  is  commonly  accompanied  by  the  introduction 
of  phlogopite.  This  suggests  that  regardless  of  the  secondary  processes  involved,  equilibration  had 
been  achieved  before  entrainment  in  the  kimberlite. 
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The  positive  Nb  and  Zr  anomalies  in  the  otherwise  smooth  curves  of  the  distribution  coefficient  plot 
are  consistent  with  the  literature  data  and  with  the  experimental  findings  of  Green  et  al.  (1989)  that  the 
high  field  strength  elements  (HFSE)  tend  to  concentrate  in  garnet.  The  distribution  is  controlled 
dominantly  by  the  crystal  chemistry,  and  the  better  fit  of  these  ions  into  the  garnet  structure.  As  the 
temperature  increases,  thermal  expansion  of  the  lattice  allows  more  Zr  to  enter  garnet  and  D& 
(gamet/cpx)  therefore  increases  with  increasing  temperature.  In  accordance  with  the  results  of 
O’Reilly  and  Griffin  (1995),  no  pressure  effect  was  observed  on  the  distribution  of  these  elements 
between  cpx  and  garnet.  The  distribution  of  Ti  also  appears  to  be  temperature  dependent.  However, 
data  from  peridotite  xenoliths  in  basalts  from  eastern  China  (Xu  et  al.,  1998),  suggest  that  pressure 
plays  a  more  important  role  in  the  partitioning  of  Ti.  The  calculated  pressures  for  these  samples  are 
lower  than  those  measured  for  the  Wesselton  suite  (19-20  kbar  vs  32-46  kbar),  while  the  temperature 
is  higher  (1 1 17°C-1 146°C  vs  809°C-1013°C).  The  differences  between  the  Chinese  and  South 
African  samples  indicate  that  at  lower  pressure,  Ti  prefers  the  cpx  structure  (DTi  (gamet/cpx)  <1),  and 
at  higher  pressure  the  garnet  structure  (DTi  (gamet/cpx)  >1).  Although  the  two  suites  are  broadly 
similar  in  composition  (calcic  lherzolitic  garnet  and  diopside),  the  Chinese  cpx  contain  slightly  less  Ca 
and  the  garnet  less  Cr,  which  may  have  some  effect  on  this  trend. 

Higher  temperature  and  pressure  also  increase  the  D  (gamet/cpx)  for  the  light-(L)  and  medium(M) 
REE,  but  have  no  observable  effect  on  the  heavy  REE.  Therefore,  the  slope  of  the  distribution 
coefficient  curve  changes,  becoming  shallower  at  higher  temperature.  This  is  consistent  with  the  data 
of  Mazzucchelli  et  al.  (1992)  on  crustal  gamet-cpx  pairs,  which  are  at  the  lowest  temperature  (around 
800  °C)  and  show  the  steepest  slope,  and  with  the  flatter  slope  of  Hauri  et  al.’s  (1994)  experimental 
data  at  1430  °C  (Figure  1). 


Table  2:  Trace  and  rare  earth  element  distribution  coefficients  for  gamet-cpx  and  cpx-opx  pairs 


Element 

gt/cpx 

959 

gt/cpx 

960 

gt/cpx 

965 

gt/cpx 

966 

gt/cpx 

968 

cpx/opx 

994 

cpx/opx 

995 

cpx/opx 

996 

cpx/opx 

1001 

cpx/opx 

1007 

Sr 

0.0007 

0.0007 

0.0004 

0.0023 

0.0013 

305 

156 

354 

161 

392 

Nb 

0.564 

0.284 

0.190 

0.559 

1.15 

La 

0.008 

0.007 

0.003 

0.022 

0.013 

151 

149 

186 

59.8 

13.3 

Ce 

0.009 

0.008 

0.006 

0.034 

0.030 

129 

218 

456 

50.3 

Pr 

0.032 

0.016 

0.022 

0.078 

0.081 

Nd 

0.064 

0.052 

0.047 

0.191 

0.172 

Zr 

0.760 

0.540 

0.563 

2.28 

3.89 

102 

140 

114 

46.3 

75.6 

Hf 

0.230 

0.153 

0.165 

1.00 

1.54 

S  m 

0.344 

0.319 

0.273 

0.832 

0.722 

86.8 

12.3 

7.87 

Eu 

0.486 

0.643 

0.597 

1.00 

0.955 

Ti 

0.947 

0.640 

0.524 

1.56 

7.93 

2.25 

2.39 

2.15 

12.6 

2.74 

Gd 

1.01 

0.952 

1.39 

1.42 

1.63 

11.5 

6.00 

9.37 

Dy 

3.51 

4.21 

6.11 

4.57 

2.48 

Ho 

6.50 

6.72 

10.2 

1.16 

Y 

9.25 

9.29 

9.78 

8.84 

8.34 

75.3 

55.1 

52.0 

30.5 

Er 

6.70 

8.56 

14.5 

1.71 

0.919 

1.63 

Yb 

9.8 

Lu 

3.47 

4.87 

3.33 

Sc 

4.10 

3.23 

3.67 

5.17 

6.89 

9.47 

10.3 

10.0 

6.47 

7.67 

Ga 

1.27 

0.982 

1.09 

1.89 

2.27 

1.31 

1.51 

1.52 

2.14 

1.58 

V 

0.411 

0.318 

0.350 

0.712 

0.875 

8.38 

8.35 

7.88 

5.72 

6.26 

Co 

2.78 

2.66 

3.14 

2.25 

2.21 

0.242 

0.240 

0.251 

0.333 

0.309 

Ni 

0.090 

0.083 

0.094 

0.125 

0.120 

0.332 

0.332 

0.351 

0.429 

0.373 

CaO 

0.250 

0.252 

0.237 

0.304 

0.250 

52.2 

60.4 

70.8 

22.7 

28.2 

935 


959 

960 

965 

966 
968 

Eastern  China  (Xu  et  al.,  1998) 

Mazzucchelli  et  al.  (1992) 

Hauri  et  al.  (1994)  -  experimental 

Background  data  for  upper  mantle  gamet-cpx 
pairs  (Shimizu  and  Allegre,  1978;  Harte  and 
Kirkley,  1997;  Van  Achterbergh,  unpubl.  data) 


0.001 


0.0001 


Q 

0.01 


Sr  Nb  La  Ce  Pr  Nd  Zr  Hf  Sm  Eu  Ti  Gd  Dy  Ho  Y  Er  Yb  Lu  Sc  V  Co 

Figure  1:  Gamet-cpx  distribution  coefficients  for  Wesselton  xenoliths  and  comparative  literature  data 

Clinopyroxene  -  Orthopyroxene  Partitioning:  Published  data  on  cpx-opx  partitioning 

are  scarce,  and  a  comprehensive  comparison  is  not  possible.  However,  where  data  are  available  (eg. 
McDonough  et  al.,  1992)  good  agreement  exists  between  datasets.  The  LREE  abundances  in  opx 
are  very  low,  and  the  data  are  characterised  by  large  standard  deviations.  Of  the  elements  analysed 
(Table  1),  only  Co  and  Ni  prefer  the  opx  structure.  Ga  and  Er  partition  approximately  equally  and  all 
other  elements  fit  more  easily  into  cpx.  The  well-documented  T  dependent  partitioning  of  Ca  into  opx 
(Brey  and  Kohler,  1990)  is  evident  in  these  data:  as  T  increases,  so  the  Ca  in  opx  increases.  The 
LREE,  Zr,  Sc  and  V  follow  the  same  trend.  A  single  sample  (1001)  has  lower  XMg  (0.81)  than  the 
rest  of  the  suite  (0.84-0.86)  and  as  Mg  decreases,  more  LREE,  and  fewer  HREE  enter  the  crystal 
structure.  The  Ti  distribution  coefficient  also  increases  markedly  as  XMgopx  decreases. 
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Xenoliths  from  the  Letlhakane  Kimberlite: 
Geochemistry  and  Implications  for  Mantle  Processes. 

Van  Achterbergh,  E.  \  Griffin,  W.L.  1,2  and  Stiefenhofer,  J.3 


1.  GEMOC  National  Key  Centre,  School  of  Earth  Sciences,  Macquarie  University,  NSW  2109,  Australia 

2.  CSIRO  Exploration  and  Mining,  P.O.  Box  136,  North  Ryde,  NSW  2113,  Australia 

3.  Anglo  American  Research  Laboratories  (Pty)  Ltd.,  P.O.  Box  106,  Crown  Mines,  2025,  South  Africa 

The  geochemistry  of  mantle  minerals  has  been  the  focus  of  many  studies  in  the  past  decades,  and  as 
analytical  techniques  improve,  so  the  database  grows.  Geochemists  can  now  recognise  some  mantle 
processes  from  the  major  and  trace  element  signatures  of  xenolith  and  concentrate  minerals,  eg.  the 
high  temperature  asthenospheric  melt  interaction  with  mantle  wall  rock,  recognised  by  increased  Ti,  Zr 
and  Y  in  garnet  (Griffin  and  Ryan,  1995).  New  data  obtained  for  a  set  of  samples  from  the  Letlhakane 
kimberlite,  using  the  Laser  Ablation  ICP-MS  microprobe  in  the  GEMOC  National  Key  Centre, 
extends  this  database.  In  particular,  we  aim  to  add  data  to  areas  that  were  previously  neglected,  ie  the 
effects  of  metasomatic  processes  on  the  geochemistry  of  rare  earth  elements  (REE)  and  other  trace 
elements  in  orthopyroxene  and  olivine  (in  the  garnet  stability  field).  The  samples  studied  are  a  subset 
of  those  investigated  by  Stiefenhofer  (1993),  and  consist  of  peridotite  and  metasomatised  peridotite. 

Harzburgite  vs  Lherzolite 

Minerals  from  harzburgite  and  lherzolite  xenoliths  show  several  important  differences  in  REE  and 
other  trace  elements.  Harzburgitic  olivine  and  orthopyroxene  are  enriched  in  Cr,  relative  to  their 
lherzolitic  counterparts.  Olivine  from  lherzolite  xenoliths  is  enriched  in  Y,  Sc  and  Ga,  and 
orthopyroxene  in  Mn  when  compared  to  harzburgitic  phases.  REE  abundances  in  both  minerals  are 
low,  but  their  concentrations  are  more  often  above  the  instrumental  detection  limits  when  the  minerals 
are  derived  from  a  lherzolite  paragenesis.  The  distribution  of  Ca  in  both  minerals  is  temperature 
dependent,  as  noted  by  O’Reilly  et  al.  (1997),  and  Norman  (1998). 


Figure  1:  Examples  of  contrasting  trace  and  rare  earth  element  concentrations  in  lherzolitic  and  harzburgitic  garnet. 
Note  the  relative  depletion  in  heavy  rare  earth  elements  for  harzburgitic  garnet 
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Positive  correlations  of  Ni,  Mn  and  Zn  with  Fe,  and  Ni  and  Ni/Co  with  Mg  number  in  olivine  of  the 
all  the  samples  in  the  suite  indicate  the  progressive  extraction  of  a  partial  melt  at  some  stage  during 
their  mantle  residence  (Norman,  1998). 

Garnet  trace  element  chemical  composition  is  illustrated  on  chondrite  normalised  diagrams  (Figure  1 ). 
In  the  harzburgite  paragenesis,  a  sinuous  REE  pattern  is  defined  by  a  “hump”  for  the  MREE,  and 
HREE  depletion;  this  is  a  pattern  recognised  for  harzburgitic  garnet  in  xenoliths  and  diamond 
inclusions  by  other  workers  (Shimizu  and  Richardson,  1987;  Nixon,  1987;  Hoal  et  al.,  1993;  Nixon 
et  al.,  1994;  Griffin  et  al.,  1998).  In  lherzolite,  garnet  is  rich  in  MREE  and  HREE,  with  a  smooth, 
low  positive  slope  on  the  diagram  (Figure  1). 

Metasomatism 

At  least  three  types  of  metasomatism  are  recognisable  in  these  xenoliths.  1:  The  sinuous  REE  pattern 
in  harzburgite  garnet  is  interpreted  to  reflect  cryptic  metasomatism  of  depleted  mantle,  as  suggested  by 
Griffin  et  al.  (1998).  The  absence  of  any  other  type  of  REE  pattern  for  harzburgite  garnet  at 
Letlhakane  is  an  indication  of  the  extent  of  this  metasomatism  across  the  mantle  volume  sampled  by 
the  kimberlite.  2:  The  interaction  of  asthenospheric  melt  with  upper  mantle  peridotite  is  recognised 
by  sheared  textures  in  xenoliths,  high  Ni  temperatures  in  garnet,  and  enrichment  in  elements  such  as 
Ti,  Y  and  Fe  in  garnet  and  olivine.  Trace  element  analysis  reveals  that  all  minerals  from  these  samples 
are  markedly  enriched  in  the  incompatible  elements.  3:  K  metasomatism,  of  the  type  described  by 
Erlank  et  al.  (1987)  is  most  common  in  these  xenoliths,  and  was  studied  in  more  detail. 

Petrographic  investigation  shows  that  garnet  became  unstable  during  the  K-metasomatism,  and  broke 
down  to  form  phlogopite,  clinopyroxene  and  minor  chromite.  The  progression  of  metasomatism  is 
tracked  by  this  reaction  as  the  assemblage  changes  from  garnet  peridotite  to  garnet  phlogopite 
peridotite  ,  to  phlogopite  peridotite  and  finally  to  phlogopite  rich  wherlite.  Analysis  of  the  reacting 
garnet  grains  reveals  no  evidence  for  addition  of  REE  or  other  trace  elements,  which  shows  that 
phlogopite-related  metasomatism  cannot  always  be  recognised  by  garnet  trace  element  geochemistry 
(Figure  2a;  cf  Griffin  and  Ryan,  1995).  However,  with  increasing  metasomatism,  clinopyroxene 
becomes  progressively  enriched  in  REE  and  other  trace  elements.  Modelling  of  the  parent  liquid 
responsible  for  the  metasomatism  (using  published  clinopyroxene-melt  partition  coefficients)  shows 
that  a  fluid  compositionally  similar  to  a  carbonatite  melt  might  have  been  responsible  for  the  changes 
observed.  This  is  also  consistent  with  the  increase  in  Ca  and  Fe  observed  in  the  host  rock,  and  the 
presence  of  calcite  in  the  phlogopite  cleavage  planes. 
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Figure  2:  The  influence  of  K  metasomatism  on  peridotite  minerals:  (a)  Average  Zr  and  Y  in  garnet  for  three  samples 
which  contain  abundant  modal  phlogopite  show  that  garnet  chemical  composition  is  not  always  modified  by 
metasomatism  (diagram  from  Griffin  and  Ryan,  1995),  and  (b),  Al  depletion  in  olivine  with  the  progress  of 
metasomatism,  as  measured  by  Ce  levels  in  coexisting  cpx. 


938 


The  Ti  content  of  olivine  is  usually  temperature  dependent  (O’Reilly  et  al.,  1997,  Norman,  1998). 
However,  in  the  metasomatised  samples  this  does  not  hold  true,  as  the  olivine  grains  become 
anomalously  enriched  in  Ti  (165-203  ppm,  vs  8.4-56  ppm  in  the  unmetasomatised  suite). 
Metasomatised  orthopyroxene  echo  this  Ti  enrichment.  Both  orthopyroxene  and  clinopyroxene  show 
reduced  levels  of  Co  and  Ni  in  samples  with  advanced  metasomatism. 

A  striking  discovery  is  the  anti-correlation  of  Al  and  Ca  in  the  minerals  of  the  metasomatised 
wallrock.  All  minerals,  and  in  particular  olivine,  record  a  decrease  in  Al  with  increasing 
metasomatism,  as  measured  by  increasing  levels  of  Ce  in  coexisting  cpx  (Fig.  2b).  Major  element 

analysis  and  careful  point  counting  of  the  garnet  cpx  +  phlogopite  ±  chromite  reaction 
psuedomorphs  show  that  the  products  only  account  for  half  of  the  original  Al  that  resided  in  the 
garnet.  Erlank  et  al.  (1987)  also  noted  this  Al  decrease,  but  concluded  that  the  metasomatism  occurred 
in  an  environment  already  depleted  in  this  element.  However,  the  new  data  suggests  that  the 
metasomatism  did  in  fact  cause  the  depletion  and  that  a  strong  chemical  potential  in  Al  existed  towards 
the  fluid  source.  It  is  this  potential  that  drove  the  resorption  and  replacement  of  the  garnet,  and  it 
contrasts  strongly  with  other  studies  where  garnet  remains  stable,  or  even  grows  (Griffin  et  al.,  1998) 
during  phlogopite-related  metasomatism.  This  strongly  suggests  that  the  fluids  responsible  for 
metasomatism  where  garnet  is  stable  and  where  garnet  is  unstable  are  distinctly  different,  and  further 
work  is  needed  to  characterise  these  fluids. 
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A  new  type  of  diamondiferous  kimberlite  of  the  Zimny  Bereg  area 
(pipe  named  after  Vladimir  Grib) 

Verichev,  E.M.  *,  Sablukov,  S.M.  2,  Sablukova,  L.1. 2  and  Zhuravlev,  D.Z. 3 
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2.  Central  Research  Institute  of  Geological  Prospecting  (TsNIGRI),  Varshavskoe  shosse,  129b,  Moscow  1 13545,  Russia 

3.  Institute  of  Ore  Deposits  (IGEM)  Russian  Academy  of  Sciences,  Staromonetny  per.,  35,  Moscow  109017,  Russia 

Kimberlitic  rocks  of  the  Zimny  Bereg  area  (the  Arkhangelsk  diamondiferous  province)  are  grouped 
in  two  series,  which  are  different  in  their  petrography,  mineralogy,  geochemistry  and  isotope 
characteristics  (Sablukov,  1990;  Makhotkin  and  Zhuravlev,  1993).  Rocks  of  the  Al-series  form  a 
row  from  diamondiferous  kimberlites  of  the  Zolotitsa  cluster  (the  Lomonosov  diamond  deposit)  to 
kimmelilitites  and  olivine  melilitites  of  the  Verhotina,  Suksoma,  Chidvia  and  Izhma  river  basins. 
Rocks  of  the  Fe-Ti  series  form  a  row  from  poorly  diamondiferous  Pachuga  kimberlites  to 
kimpicrites  and  melilitic  picrities  of  the  Shocha,  Kepina,  Soyana  and  Megra  river  basins. 

In  February  1996,  a  new  diamondiferous  kimberlite  pipe  was  discovered  in  Zimny  Bereg.  The 
rocks  of  the  pipe  Anomaly  44 1 ,  which  was  named  after  Vladimir  Grib,  have  a  unique  composition 
in  the  whole  complex  of  volcanic  rocks  of  this  region. 

The  geological  structure  of  the  Vladimir  Grib  pipe  is  similar  to  that  of  weakly  eroded  volcanic 
pipes  of  this  region.  It  has  a  well-marked  crater  zone,  90  to  130  m  thick,  composed  of  subhorizontal 
layers  of  various  rocks,  from  quartzose  clayey  sandstones  and  sedimentary  rock  breccias  to  tuffites 
and  tuffs  of  kimberlites.  A  vent  zone  is  made  up  of  rocks  that  are  related  to  two  intrusion  phases. 
The  rocks  of  the  first  phase  (xenotuffs  and  xenotuffites)  form  a  relic  in  the  southern  part  of  the  pipe. 
The  vent  zone  is  composed  mainly  of  homogeneous,  massive  kimberlitic  tuffisites  (second  intrusion 
phase). 

A  probable  age  of  the  Vladimir  Grib  pipe  is  estimated  as  Late  Devonian,  the  same  as  that  of  the 
other  Zimny  Bereg  volcanic  pipes.  This  dating  was  based  on  the  findings  of  a  Leptophleum  sp. 
plant  in  tuff  sandstones  of  the  crater  zone  (dating  made  by  A.L.Yurina,  Moscow  State  Lomonosov 
University). 

Petrography.  The  rocks  of  the  Vladimir  Grib  pipe  are  various  structural  and  textural  varieties  of 
micaceous  kimberlites.  Kimberlitic  tuffisites  have  a  litho-crystalloclastic  texture  and  a  massive 
structure.  They  are  composed  of  oval  macrocrystals  of  olivine  (40%)  and  phlogopite  (2%),  of 
nuclear-  or  film-type  kimberlitic  autoliths  (5-12%),  of  rare,  angular-concave,  silt  xenoliths  (1-2%), 
of  granulites  (1%)  and  of  microscaly  serpentine  cement  (45%).  Autoliths  are  composed  of  olivine 
(macrocrystals:  5-10%,  phenocrystals:  20-30%),  phlogopite  (1-5%)  and  a  matrix  which  is  made  up 
of  a  serpentine  +  carbonate  +  phlogopite  aggregate  with  impregnated  opaques  (ilmenite,  magnetite, 
perovskite  and  chrome  spinel).  Inclusions  of  rutile  microcrystals  occur  universally  in  zones  of 
growth  of  olivine  phenocrysts. 

Geohemistry.  The  kimberlitic  rocks  of  the  Vladimir  Grib  pipe  are  highly  ultramafic,  i.e.,  rich  in 
Mg,  Co,  Cr,  Ni  and  poor  in  Fe,  Sc,  Si,  Al,  Ca.  The  rocks  are  K-rich,  with  K2O/  Na20  varying  from 
1,5-3  in  autoliths  to  1  in  tuffisites.  Among  incompatible  elements,  TiC>2  and  Ta  occur  in  high 
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concentrations,  Nb  content  is  moderate,  and  concentrations  of  Zr,  Hf,  Th,  U,  Rb,  Sr,  Ba,  LREE  and 
other  elements  are  low. 

High-pressure  minerals  are  abundant  in  the  Vladimir  Grib  pipe.  Picroilmenite  and  pyrope  prevail 
there,  while  chrome-diopside,  phlogopite,  diopside  and  orthopyroxene  occur  in  minor  amounts,  and 
chrome  spinel  was  found  very  rarely.  Minerals  of  ultramafic  association  are  high-magnesian  and 
high-chromian. 

Mantle  xenoliths  occur  in  the  Vladimir  Grib  pipe  more  frequently  than  in  any  other  pipe  of  the 
region.  They  are  rather  large,  up  to  10-18  cm,  and  are  represented  by  pyrope  dunites,  pyrope 
peridotites,  eclogites,  illmenite  peridotite  and  various  gamet-clinopyroxene-phlogopite 
metasomatites.  Spinel  dunites  and  peridotites,  which  are  typical  of  diamondiferous  pipes  of  the 
Zolotitsa  cluster,  occur  here  very  rarely. 


Nd-Sr  isotope  characteristics  of  the  new  pipe  rocks  (corrected  for  370  Ga)  are  as  follows:  £sr(t)  = 

+  4.1  and  +11.3;  Swd  (t)  =  -  0.1  and  +  0.9,  which  is  similar  to  Nd-Sr  parameters  of  Fe-Ti  series 
kimberlitic  rocks  of  the  Zimny  Bereg  area  and  Group  1  South  African  kimberlites. 

Petrography,  mineralogy,  geochemistry  and  isotope  characteristics  of  the  rocks  from  the  Vladimir 
Grib  pipe  indicate  that  these  rocks  belong  to  Fe-Ti  kimberlite  series  of  this  region.  The  rocks  are 
similar  to  diamondiferous  kimberlites  of  southern  regions  of  Yakutia  (Daldyno-Alakit  and  Malo- 
Botuobiya  areas),  as  well  as  to  Group  1  South  African  kimberlites. 

Conclusions.  The  Vladimir  Grib  pipe  is  composed  of  diamondiferous  kimberlites  of  a  specific  type 
which  is  new  to  Zimny  Bereg.  The  rock  belongs  to  the  most  ultramafic,  diamondiferous  variety  of  a 
Fe-Ti  kimberlite  series  which  is  most  similar  to  mantle  substratum  rocks  in  its  modal  and 
geochemical  composition  (Figures  1  and  2).  No  occurrences  of  rocks  belonging  to  this  row  of  Fe-Ti 
series  were  known  earlier  in  the  Zimny  Bereg,  but  their  presence  was  inferred  by  analogy  with 
kimberlites  of  the  Yakutian  province.  Zimny  Bereg  is  a  unique  diamond-bearing  region,  where  two 
full  rows  of  Late  Devonian  kimberlitic  rocks  (differentiated  from  highly  diamondiferous  kimberlites 
to  non-diamondiferous  melilitites  and  picrites)  occur  and  basaltic  volcanic  pipes  of  the  same  age  are 
present. 

The  work  was  supported  by  Archangel  Diamond  Corporation  (Canada)  and  Russian  Foundation  for 
Basic  Research  (project  No  96-05-65827). 
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Figure  1 .  Modal  composition  of  the  Zimny  Bereg  Al-series  (A)  and  Fe-Ti-series  (B)  kimberlite  rocks 
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Mineral  inclusions  in  diamonds  from  the  Venetia  kimberlites,  Northern 

Province,  South  Africa 
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This  study  identifies  the  mineralogy  and  determines  the  chemical  compositions  and  equilibration 
conditions  of  representative  syngentic  inclusions  in  diamonds  from  the  mined  Venetia  kimberlites. 

The  twelve  kimberlites,  all  approximately  530  Ma  old  (Allsopp  et  al.,  1995),  are  situated  close  to 
the  borders  with  Botswana  and  Zimbabwe.  They  intrude  into  the  Central  Zone  of  the  Limpopo 
Mobile  Belt,  which  consists  of  three  east-west  trending  zones  of  granulite-facies  Archaean  crust, 

700  km  in  length  and  250  km  wide,  wedged  between  two  Archaean  cratons:  the  Kaapvaal  to  the 
south  and  the  Zimbabwean  to  the  north. 

The  inclusion-bearing  diamonds  were  selected  from  representative  samples  within  four  size  ranges 
between  4.0mms  (0.56cts)  and  1.3mm  (0.015cts).  Mineral  inclusions  identified  were  garnet, 
clinopyroxene  (cpx),  olivine,  orthopyroxene  (opx),  chromite  and  sulphide,  from  the  peridotitic 
paragenesis  (P-type)  and  garnet,  cpx  and  sulphide  with  rare  kyanite,  from  the  eclogitic  growth 
environment  (E-type).  Coexisting  mineral  pairs  such  as  P-type  olivine+garnet  and  P-  and  E-type 
cpx+gamet  permitted  the  determination  of  equilibration  conditions  for  some  of  the  diamonds. 

Irrespective  of  paragenesis,  sulphide  inclusions  were  the  commonest,  with  P-type  suite  diamonds 
generally  being  90%  more  abundant  than  E-type  diamonds.  However,  the  proportion  of  E-type 
diamonds  increased  with  increasing  diamond  size.  On  the  basis  of  chemistry,  a  minor  websteritic 
paragenesis  (W-type)  was  identified.  The  mineral  inclusion  suites  in  Venetia  Mine  diamonds, 
therefore,  fall  predominantly  into  the  typical  worldwide  pattern. 

Mechanical  crushing  released  the  inclusions  and  individual  minerals  ranged  in  longest  dimension 
from  70  to  400  pm.  Many  exhibited  equant  cubo-octahedral  morphologies,  indicating  an  imposed 
morphology  by  the  enclosing  diamond.  Extracted  minerals  were  mounted  in  brass  stubs  in  epoxy 
resin  and  polished  to  a  1  pm  finish  in  preparation  for  microprobe  analysis. 

In  terms  of  chemical  compositions,  the  CaO  versus  Cr203  values  for  the  P-type  garnets  (see  Fig.  1), 
cover  a  wide  range,  from  a  very  minor  lherzolitic  field,  (to  the  right  of  the  lherzolite  trend),  passing 
into  a  broad  harzburgitic  paragenesis,  eventually  with  typical  low  CaO  and  high  Cr203  values. 
Olivines  and  opx's  are  very  magnesian,  with  typical  Mg/Mg+Fe  values  of  0.94  to  0.95,  respectively. 
Fig.l  also  shows,  however,  that  garnets  with  low  chrome  contents  coexist  with  olivines  and  opx’s 
with  relatively  low  Mg  #  numbers  (0.91  and  0.92  respectively).  Chromites  have  typical  values  in  the 
range  64  wt%  to  69  wt%  Cr203  there  being  no  correlation  with  high  chrome  harzburgitic  garnets 
(see  Fig.  1).  The  three  P-type  cpx’s  have  typical  chemical  compositions. 

E-type  garnets  exhibit  broad  ranges  in  FeO  (7.75  to  18.1 1  wt%)  and  CaO  (3.66  to  16.26  wt%),  with 
Ti02  and  Na20  contents  of  up  to  0.80  wt%  and  0.24  wt%,  respectively  (see  Fig.  2).  The  cpx’s  of 
this  paragenesis  have  very  variable  A1203  contents,  ranging  from  3.92  wt%  to  20.76  wt%,  which  is 
probably  linked  to  the  variable  Na20  content  (2.24  wt%  to  8.32  wt%).  The  eight  garnets  from  the 
W-type  paragenesis  are  characterised  by  Cr203  contents  in  the  range  0.07  wt%  to  0.91  wt%  and 
CaO  contents  of  up  to  4.85  wt%.  Seven  W-type  cpx’s  have  A1203  and  Na20  contents  of  up  to  3.47 
wt%  and  1 .95  wt%  respectively.  Mg  #  numbers  for  the  two  W-type  opx’s  are  close  to  80. 

For  an  assumed  pressure  of  50  kbar,  calculated  temperatures  for  25  garnet-olivine  pairs  range  from 
922°C  to  1362°C  with  a  mean  of  1 152°C.  At  65  kbars  the  values  are  989°C  to  1413°C  with  a  mean 
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of  121 1°C  (see  Fig.  3).  The  one  P-type  gamet-cpx  pair  gave  a  temperature  of  1247°C  at  50  kbar.  At 
the  same  pressure,  the  seven  W-type  gamet-cpx  pairs  fall  within  the  range  1 167°C  to  1247°C.  Two 
E-type  mineral  pairs,  at  50kbar,  have  equilibration  temperatures  of  1330°C  and  1544°C.  With 
gamet-opx’s,  for  which  a  pressure  parameter  can  be  determined,  the  data  are  constrained  (see  Fig. 
3).  The  four  P-type  mineral  pairs  range  in  PT  space  between  59  kbar  and  69  kbars  and  1 153°C  and 
1259°C.  With  the  two  W-type  inclusion  pairs  the  data  are  between  55  and  62  kbar  and  between 
1189  and  1292°C. 

The  chemical  compositions  and  equilibration  conditions  of  the  inclusions  in  diamonds  from  the 
Venetia  mine,  suggests  a  crystallisation  event  in  a  thick,  very  depleted,  highly  magnesian  peridotite 
mantle,  which  encloses  minor  eclogite  and  websterite  veins  or  lenses. 
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Figure  1 .  Plot  of  CaO  against  Cr203  for  Venetia  peridotitic,  websteritic  and  eclogitic  inclusions. 
Mg  #  numbers  for  coexisting  olivines  and  opx’s  are  also  presented. 
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Figure  2.  Ternary  diagram  for  garnet,  clinopyroxene  and  orthopyroxene  in  Venetia  diamonds.  Tie¬ 
lines  join  garnets  with  coexisting  orthopyroxenes  (dashed  lines)  and  clinopyroxenes  (solid  lines). 


Figure  3.  Equilibration  conditions  of  Venetian  inclusions  in  relation  to  a  typical  continental 
geotherm  and  the  diamond-graphite  stability  curve. 
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Lamproites  of  the  Anabar  region,  Northern  rimming  of  the 
Siberian  platform. 

Vladykin  N.V.1,  Lelyukh  M.I.2,  Tolstov  A.V.2 

1.  Institute  of  Geochemistry,  SB  RAS,  Irkutsk  664033,  Russia 

2.  Joint-stock  company  Diamond  of  Russia-  Sakha,  Mirny,  Russia 

While  kimberlites  occur  in  the  Central  part  of  the  Siberian  platform  the 
lamproite  occurrences  are  found  in  the  its  peripheral  part.  In  the  southern  termi¬ 
nation  of  the  Siberian  platform  (the  Aldan  shield)  lamproites  are  widespread  and 
are  studied  in  detail  (Vladykin,  1997).  One  of  the  lamproite  occurrences  in  the 
northern  termination  of  the  Siberian  platform  (Prianabarie)  was  reported  to  be 
represented  by  the  feldspar  type  of  lamproites  (Vishnevsky,  Sobolev,  1986). 


Fig.  1  Twin  and  triple  correlations  of  oetrogenic  elements  in  lamproites  of  the  Anabar  province 


946 


The  Anabar  diamond-bearing  province  is  confined  to  the  eastern  and 
south-eastern  part  of  the  Anabar  shield  and  extends  as  an  arc-like  zone  50  km 
wide  and  300  km  long.  The  province  is  known  for  the  presence  of  kimberlite  and 
kimberlite-like  rocks  (picrites,  alnoites  and  maimechites).  About  300  dia-mond 
placers  have  been  discovered  in  the  Anabar  province.  However,  their  original 
occurrences  are  not  known  for  most  of  kimberlite  rocks  do  not  contain  diamonds. 
The  revision  of  core  from  the  boreholes  drilled  in  the  magnetic  ano-malies  of  the 
Anabar  province  and  within  the  large  Tomtor  massif  of  alkaline  rocks  ,  in  the 
eastern  part  of  the  province  revealed  the  lamproite  series  rocks. 

The  lamproite  rocks  produce  the  explosion  pipes  of  diatreme,  stocks,  sills, 
dikes  and  disrupt  metamorphic  and  sedimentary  rocks  of  Precambrian  and 
Cambrian.  They  are  associated  with  the  kimberlite  and  alkaline  rocks  of  the 
province  of  the  Lower  Mesozoic  and  Mesozoic  age. Considering  the  mineral 
composition  there  are  olivine  and  leucite  varieties  of  lamproites.  The  olivine 
lamproites  consist  of  rounded,  rarely  faceted  phenocrysts  of  olivine  and  mica. 


Normxhondrit  (McDonough,  1589) 


La  Ce  Pr  Nd  Sra  Eu  Gd  Tb  Dy  Ho  Er  Tm  Yb  Lu 


Fig.  2  The  spectrum  of  the  rare-earth  elements  normalized  after  chondrite. 

Lamproites  of  Australia;  1-  dike  in  Argail,  2  -  olivine  lamproite  Ellendeil  -  11,3- 
lamproites  of  the  Anabar  province. 

The  bulk  of  rock  is  composed  of  varying  amounts  of  mica,  amphibole,  olivine, 
carbonate,  apatite  and  ore  minerals  (magnetite,  perovskite,  chromite).  The 
olivines  are  partly  serpentinised  and  carbonatised,  while  micas  are  chloritised.  The 
leucite  lamproites  consist  of  leucite,  pyroxene,  amphibole,  apatite  and  mica  which 
surrounds  the  rounded  grains  of  leucite.  Altered  olivine  is  found  in  small 
amounts.  The  grains  of  leucite  are  completely  replaced  by  the  secondary  calcite 
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and  only  the  forms  of  rounded  crystals  are  remained.The  chemical  composition 
shows  that  the  rocks  are  lamproites.  They  display  high  contents  of  MgCT*(8-28%), 
K2O  (2-8%),  TiC>2  (3-7%)  and  low  concentration  of  AI2O3  (3-10%),  Na20  (0.1-1%). 
The  lamproites  show  increased  abundances  of  CaO  (3-15%)  and  reduced  contents 
of  Si02  (28-35%),  which  are  associated  with  the  process  of  late  carbonatization 
(up  to  20%  CaCOs).  Of  characteristic  rare  elements  the  lamproites  contain  (ppm): 
Ba  1000-9000,  Sr  500-2500,  Zr  200-800,  Nb  100-300,  Cr  300-1500,  Ni  300-110, 
Co  50-250,  V  200-600,  Sc  10-45,  La  100-360,  Ce  200-600,  Nd  100-200,  Y  20-70. 
There  are  twin  and  triple  correlations  of  petrogenic  elements  MgO,  K2O,  Si02, 
AI2O3  (Fig.  1).  The  spectrum  of  rare  elements  has  no  Eu  anomalies  but  it  shows 
the  predominance  of  light  elements  over  heavy  ones  (Fig.  2)  The  spectrum  of  rare 
earths  in  lamproites  of  the  Anabar  province  is  close  to  the  olivine  lamproites  of 
Australia.In  genetic  respect  the  Anabar  province  lamproites  are  related  to  the 
occurrences  of  the  kimberlite  and  alkaline  magmatism.The  assessment  of  the 
diamond-bearing  capacity  in  lamproites  of  the  Anabar  province  may  indicate  the 
native  sources  of  diamond  placers. 
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Post-accretionary  Stage  in  the  Evolution  of  Ultramafic  Magmatism  in 
Accretionary  Prisms:  Rock  Types  and  Diamond  Potential 
(on  Example  of  East  Russia) 

Voinova,  I.P..  and  Prikhodko,  V.S. 

Institute  for  Tectonics  and  Geophysics,  Khabarovsk  680063,  Russia 

Nappe-folded  structures  of  the  Sikhote-Alin  ridge  (East  Russia)  are  an  accretionary  system  formed 
as  a  result  of  Paleozoic  and  Mesozoic  subduction  processes.  Accretionary  prisms  were  formed  by 
nappe  packets  and  plates.  They  are  composed  of  Carboniferous.  Permian,  Triassic,  Jurassic  and 
Early  Cretaceous  volcanogenic-terrigenous-siliceous  complexes  within  Middle  Jurassic-Lower 
Cretaceous  turbidite  matrix.  Ultramafics,  gabbroids,  tholeiitic  and  alkali  basalts  are  associated  with 
Late  Triassic-Early  Cretaceous  siliceous  and  terrigenous  rocks. 

Ultramafic  volcanites  are  represented  by  meymechitic  breccias  making  up  pipe-like  bodies,  more 
rarely  by  meymechitic  lavas  forming  layered  bodies  and  dikes.  Meymechites  are  spacially  associated 
with  mafic  volcanites  (picrites  and  picrobasalts)  making  up  siliceous-terrigenous  complexes. 
Picrobasalts  are  of  alkaline  nature  and  are  subdivided  into  sodic  and  potassic  types.  Mafic  rocks 
were  generated  in  oceanic  intraplate  environments.  Ferro-titanium  specialization  and  a  similar  style 
of  minor  elements  distribution  are  common  both  for  ultramafic  and  mafic  rocks  which  testifies  to 
their  affinity.  Meymechites  similar  to  the  meymechites  from  the  Maimecha-Kotuisk  province  of  the 
Siberian  platform  are  associated  with  sodic  picrobasalts,  and  meymechites  smilar  to  meymechites 
from  Japan.  Sakhalin  and  the  Koryak  uplands  -  with  potassic  ones. 

Petrogeochemical  similarity  with  the  pre-accretionary  mafic  rocks  testifies  to  the  meymechites' 
relationship  with  an  accretionary  process.  Judging  by  the  bodies’  shapes  (explosion  pipes)  and 
xenoliths  (basalts,  siliceous  rocks,  sandstones  and  minerals  of  disintegrated  mantle  peridotites) 
meymechites  formed  during  a  post-accretionary  stage  in  the  prism  evolution.  Chemical  composition 
of  meymechites  was  dependent  on  the  degree  of  the  accretionary  prism  maturity  expressed  by  its 
gelling  thicker  in  the  process  of  evolution.  A  gradual  alteration  of  the  meymechites'  composition 
towards  their  platform  analogues  allow  one  to  believe  in  the  existence  of  kimberlites  in  the  most 
mature  accretionary  prisms. 
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Method  of  Quantitative  Evaluation  of  Kimberlite  Pipes’  Productivity 


Vouiko,  V.I. 

YaGEER&D  CNIGRI,  ALROSA  Co.  Ltd.  Chernyshevsky  Sh.  7,  Mirny,  678170,  Sakha  (Yakutia),  Russia. 

Among  the  existing  methods  of  evaluation  of  kimberlites’  diamondiferousness  the 
leading  part  belongs  to  mineralogical  ones  as  the  most  effective.  They  make  it  possible  to 
refer  garnets  with  certainty  to  various  deep-seated  mineral  associations  including  the 
ones  with  diamond.  There  are  known,  suggested  in  different  time  by  Sobolev  N.V. 
[1974],  Matsouk  S.S.,  et  al  [1985]  and  Griffin  W.L.,  et  al  [1993]  mineralogical  methods  of 
diamondiferousness’  evaluation.  We  made  an  attempt  to  carry  out  comparative  analysis  of 
their  efficiency  and  on  the  basis  of  it  to  reveal  the  dependence  between  the  grade  of 
garnets  of  diamond-pyrope  deep-seated  facies  and  productivity  of  kimberlite  bodies.  The 
data  about  grade  of  garnets,  ilmenites  and  diamonds  in  594  crushed  samples  from  32 
kimberlite  pipes  with  different  level  of  diamondiferous  property  of  Yakutian  province 
served  as  the  material  for  analysis.  Several  tens  of  thousands  of  garnets  were  investigated 
in  these  samples  with  the  help  of  X-ray  spectrum  analysis  and  optical  spectroscopy.  In  the 
result  of  statistic  analysis  of  these  data  we  can  make  the  following  conclusions. 

1.  The  discussed  mineralogical  methods  of  kimberlites  diamondiferousness’  evaluation 
indicate  good  similarity  of  results  in  the  grade  of  diamonds  for  the  pipes  of  one  level. 
During  evaluation  of  pipes  which  noticeably  differ  in  diamondifeous  property  (pipes 
Udachnaya  and  Osennyaya,  for  instance)  the  indications  start  differing  by  an  order. 
Those  results  are  closer  to  actual  values  of  diamondiferousness  therewith  which  were 
achieved  by  calculation  with  application  of  absolute  units  (in  g/t),  but  not  of  relative  ones 
(per  cent). 

2.  Maximum  positive  correlation  was  revealed  between  actual  diamondiferousness  and 
the  quantity  of  garnets  of  diamond-pyrope  deep-seated  facies.  Correlation  factor 
noticeably  decreases  at  comparison  with  general  grade  of  garnets  in  a  pipe  and  practically 
is  absent  at  comparison  with  the  quantity  of  ilmenite. 

3.  All  mineralogical  methods  of  diamondiferousness’  evaluation,  applied  in  comparison, 
were  good  at  half-quantitative  (more  -  less)  level.  And  they  are  subordinated  to  nonlinear 
functional  dependence.  We  used  the  procedures  of  ordinary  regression  for  drawing  up 
the  latter  one,  which  helped  us  to  check  up  the  hypothesis  of  its  description  by 
multiplicable  and  exponential  models  as  the  most  close  ones  to  the  established 
dependence.  The  exponential  dependence  of  diamond  grade  in  kimberlite  pipes  from 
the  quantity  of  garnets  of  diamond-pyrope  deep-seated  facies  in  them  (see  Fig.)  was 
proved  by  the  method  of  alignment  (corresponding  points  lay  on  the  straight  line). 
Correlation  coefficient  between  their  logarithms  is  equal  to  +0.948,  that  testifies  about 
strong  positive  linear  relationship  between  them.  The  method  of  linear  regressive 
analysis  was  used  to  determine  the  equation  illustrating  the  specified  dependence.  In  the 
result  the  following  equation  was  received: 

Di  =  0.02844  e0024GGk, 
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where  Di  -  productivity  of  a  kimberlite  body,  car/t;  k  -  grade  of  garnets  of  diamond- 
pyrope  deep-seated  facies  in  it,  g/t;  e  -  basis  of  hyperbolic  logarithm;  0.02844  and  0.02466 
-  constants. 

Crushed  samples  with  the  weight  of  about  30  kg  from  several  kimberlite  bodies  of 
Daldyn-Alakit  region  were  selected  to  check  up  the  suggested  method.  This  provided  the 
receipt  of  statistically  representative  selection  of  garnets  with  amount  of  not  less  than  250 
grains  from  the  concentrate  of  kimberlite  heavy  fraction.  Paragenetically  related  with 
diamonds  garnets  were  revealed  in  the  selected  garnets  with  the  help  of  X-ray  spectrum 
analysis  or  optical  spectroscopy.  Their  percent  with  respect  to  the  analyzed  ones  was 
determined,  which  then  was  multiplied  by  general  quantity  of  garnets  in  a  kimberlite 
body  in  g/t.  By  the  established  quantity  of  garnets  of  diamond-pyrope  deep-seated  facies, 
using  the  suggested  equation,  there  was  determined  the  productivity  of  a  kimberlite 
body,  that  practically  leads  to  easiest  calculations  or  easiest  data  plotting.  Comparison 
with  actual  kimberlite  bodies’  diamondiferousness  therewith,  received  according  to  the 
data  of  exploitational  exploration,  indicates  high  similarity  of  results. 

Thus,  the  suggested  method  of  evaluation  of  kimberlite  bodies’  productivity  allows  for 
certain  and  exactly  quantitatively  determine  their  diamondiferousness  according  to  the 
grade,  in  absolute  units,  of  garnets  of  diamond-pyrope  deep-seated  facies  in  them. 
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Geochemical  and  Physical  Aspects  of  Diamonds  from  the  Akwatia  and 
Tarkwa  Diamondfields  in  Southern  Ghana,  West  Africa 

Ward,  J.R.,  and  Norman,  D.I. 
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Ghana  has  two  diamond  producing  areas:  Akwatia  and  Tarkwa  (southeastern  and  southwestern 
Ghana,  respectively).  There  is  a  known  kimberlite  source  for  the  Akwatia  diamonds.  It  was 
hypothesized  that  the  Tarkwa  diamonds,  hosted  in  Tarkwaian  sediments,  originated  in  the  Akwatia 
area.  One  thousand  eighty  diamonds  totaling  37.075  carats  were  collected  from  Akwatia  and  Tarkwa 
sites.  These  samples  were  classified  by  their  physical  attributes  and  crystalline  inclusions  were  then 
separated  and  geochemically  analyzed.  The  occurrences  of  Tarkwa  diamonds  were  also  mapped. 

Fifty  two  percent  of  the  Tarkwa  diamonds  are  colorless,  with  23.7  percent  slightly  yellow  or 
yellow.  Twelve  percent  are  green  or  yellowish  green  in  color  while  few  brown  or  grey  diamonds  are 
present.  The  morphology  of  the  diamonds  at  Tarkwa  is  primarily  dodecahedral  (36.1%),  with  an 
additional  23.1  percent  octahedrons.  Severely  broken  stones  account  for  30.6  percent.  Nearly  all 
(94.7%)  of  the  Tarkwa  diamonds  fluoresce  colors  including,  in  order  of  abundance,  white,  blue, 
yellowish  brown,  greenish  yellow,  yellowish  orange,  reddish  orange  and  bright  red.  Garnet, 
orthopyroxene,  and  olivine  inclusions  from  Tarkwa  are  all  subcalcic  (harzburgitic).  The  magnesium 
number  for  olivines  range  from  92.16  to  94.04.  The  magnesium  number  for  orthopyroxenes  range 
from  93.30  to  94.56.  These  numbers  are  lower  than  the  worldwide  trends  for  a  harzburgitic 
paragenesis,  but  the  calcium  oxide  content  is  low  enough  (0.00  to  0.05,  and  0.07  to  0.32  weight 
percent  respectively)  to  preclude  a  lherzolitic  paragenesis. 

In  contrast  to  the  Tarkwa  diamonds,  forty  percent  of  the  Akwatia  diamonds  are  yellow,  29.5 
percent  are  colorless,  and  the  remaining  are  yellowish  grey,  brown  or  grey.  Diamond  morphology 
also  differs  from  Tarkwa  in  that  57.3  percent  of  the  stones  are  octahedrons  and  35.9  percent  are 
dodecahedrons.  Few  are  macles  or  broken  stones.  Fluorescence  is  also  less  common,  occurring  in 
only  63.6  percent  of  the  samples.  White  and  blue  fluorescence  dominates  and  only  three  percent  show 
yellowish  brown  or  yellowish  orange  color  under  ultraviolet  light.  The  olivine  and  garnet  inclusions 
from  Akwatia  also  are  harzburgitic.  However,  the  magnesium  numbers  range  from  92.45  to  93.19, 
lower  than  those  from  Tarkwa.  In  addition,  Akwatia  samples  show  higher  chromium  oxide  content  in 
both  garnet  and  olivine  inclusions.  The  average  calcium  oxide  content  remains  constant  among 
Ghanaian  diamonds  at  0.025  weight  percent. 

The  morphology  of  the  Tarkwa  diamonds  is  consistent  with  alluvial  transport.  Mapping  shows 
that  Tarkwa  alluvial  diamonds  in  first  and  second  order  streams  are  associated  with  the  contact  between 
the  Tarkwaian  auriferous  sands  and  Kawarie  conglomerates.  The  occurrences  follow  this  contact  for 
20  km  around  a  paleobasin. 


953 


We  conclude  that  the  differences  in  fluorescence  and  morphology  of  the  Akwatia  and  Tarkwa 
diamonds  indicate  that  the  Tarkwa  and  Akwatia  samples  do  not  share  a  common  geochemical  origin. 
In  addition,  the  dissimilarities  in  inclusion  geochemistry  support  a  geochemical  origin  for  Tarkwa 
diamonds  which  is  distinct  from  Akwatia  diamonds. 
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Petrography  and  Mineral  Chemistry  of  the  Mwenezi-01  Kimberlite,  Zimbabwe 
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The  Mwenezi-01  kimberlite  was  discovered  by  Kimberlitic  Searches  Ltd.,  in  mid- 1995.  It  is  located 
within  the  Central  Zone  of  the  Limpopo  Mobile  Belt  in  southern  Zimbabwe  (Figure  1).  It  occurs 
between  the  previously  known  River  Ranch  kimberlite  to  the  southwest  and  the  Shingwizi 
kimberlite  to  the  northeast.  The  kimberlite  is  intruded  into  Limpopo  belt  gneisses  and  is  itself 
intruded  by  northwest  trending  dolerites  of  assumed  Karoo  (-180  Ma)  age.  As  the  kimberlite  has 
not  undergone  high-grade  metamorphism,  the  possible  age  of  the  kimberlite  therefore  ranges  from 
180Ma  to  2000Ma  (the  last  major  metamorphic  event  in  the  Central  Zone  of  the  Limpopo  Belt, 
Jaeckel  et  al,  1997). 

The  kimberlite  has  been  mapped  with  the  use  of  available  outcrop  and  a  regular  grid  of  25m  spaced 
pits,  to  produce  the  map  shown  in  Figure  1.  Hypabyssal  facies  macrocry  Stic  kimberlite  outcrops  in 
the  centre  of  the  pipe.  The  hypabyssal  facies  kimberlite  is  surrounded  by  poorly  exposed  crater 
facies  kimberlite.  Small  slivers  of  hypabyssal  facies  kimberlite  are  found  on  the  southern  and 
western  margins  of  the  pipe.  The  central  hypabyssal  facies  kimberlite  and  the  crater  facies 
kimberlite  have  been  drilled  to  depths  of  over  100m. 

Petrographic  samples  were  collected  at  surface  and  from  drill  samples.  Hypabyssal  facies 
macrocrystic  kimberlite  is  the  dominant  hypabyssal  facies  kimberlite  type  with  subordinate 
segregationary  and  flow  banded  hypabyssal  facies  kimberlite  occurring  along  the  margins  of  the 
central  and  southern  hypabyssal  facies  outcrop  (Figure  1).  A  non-genetic  classification  scheme, 
adapted  from  the  one  used  by  Field  and  Scott  Smith  (in  press),  has  been  used  to  classify  the  crater 
facies  rocks.  The  rocks  are  classified  as  either  lithic-rich  volcaniclastic  kimberlite  (LVC)  or 
juvenile-rich  volcaniclastic  kimberlite  (JVC),  based  on  the  amount  of  olivine 
phenocrysts/macrocrysts  in  the  rock  (  >  25%  olivine  for  JVC).  The  crater  facies  rocks  have  been 
further  subdivided  based  on  four  textural  properties;  namely  the  average  clast  size  (Very  Fine,  Fine, 
Medium  and  Coarse),  whether  the  rock  is  Matrix  or  Clast  supported,  the  degree  of  sorting  (Poorly 
or  Well)  and  the  fabric  of  the  rock  (Bedded,  Massive  or  Granular).  From  Table  1  it  can  be  seen  that 
the  dominant  LVC  kimberlite  type  is  VFMWB.  The  dominant  JVC  kimberlite  type  is  FMPM.  The 
distribution  of  the  various  crater  facies  kimberlite  types  is  shown  in  Figure  1.  JVC  occurs 
throughout  the  pipe  whereas  LVC  is  restricted  to  the  southern  and  eastern  parts  of  the  pipe.  A 
feature  of  the  petrography  of  the  samples  examined  is  the  minimal  to  severe  clinopyroxene 
alteration  that  has  been  observed  in  the  crater  and  hypabyssal  facies  rocks.  This  may  be  due  to 
deuteric  alteration  or  partial  metamorphism  at  some  stage  after  kimberlite  emplacement,  possibly 
|  related  to  the  Karoo  intrusive  event. 

The  heavy  mineral  concentrates  obtained  from  acidised  kimberlite  samples  contain  garnet,  spinel 
ilmenite  and  clinopyroxene.  Garnet  parageneses  range  from  lherzolitic  to  harzburgitic  to  depleted 
i  harzburgitic  types  (Figure  2).  The  spinel  mineral  chemistry  shows  a  significant  number  of  grains 
plotting  in  the  diamond  inclusion  field  outlined  in  Figure  3  (Fipke  et  al,  1995).  The  concentration  of 
Ni  in  the  garnets  was  obtained  by  means  of  LA-ICP-MS  analysis  and  used  in  the  formulae 
published  by  Ryan  et.  al.  (1996)  to  obtain  pressure  and  temperature  data.  These  have  been  plotted 
i  on  a  P-T  diagram  to  determine  a  geotherm  at  the  time  of  kimberlite  emplacement  of  40  mW/m2 
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(Figure  4).  Using  this  geotherm,  most  of  the  garnets  have  temperatures  that  fall  inside  the  diamond 
stability  field. 
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Moissanite  and  its  bearing  on  the  oxygen  fugacity 
of  the  deeper  regimes  of  the  Earth's  upper  mantle 


Woermann , E . 1 ,  Gobbels,M.2,  Ulmer,G.C.3  and  Grandstaff ,D.E.3 

1.  Institut  fur  Kristallographie,  RWTH  Aachen,  Aachen,  Germany 

2.  Mineralogisches  Institut,  Universitat  Erlangen,  Erlangen,  Germany 

3.  Geology  Department , Temple  University,  Philadelphia,  U.S.A. 

Numerous  analyses  of  peridotite  xenoliths  derived  from  the 
Earth's  upper  mantle  by  volcanic  processes  exhibit  oxygen 
fugacities  clustering  in  a  narrow  bracket  around  (FMQ  ±  1)  for 
continental  xenoliths  and  (FMQ)  to  (FMQ  -  2)  for  abyssal 

peridotites  (e.g.  Wood,  1991) .  For  samples  from  an  ancient 
lithosphere  even  lower  values  in  the  order  (FMQ  -  4)  were 

reported  (e.g  Kadik,  1997) .  All  guoted  oxygen  fugacities  are, 
however,  too  high  for  stable  moissanite  (Ulmer  et  al.,  1998). 
This  conspicuous  discrepancy  asks  for  an  explanation. 

The  remarkbly  persistent  f02  in  continental  peridotite 
xenoliths  is  indicative  of  a  buffering  process.  Several  models 
have  been  discussed  : 

-a.)  The  Fe2+/Fe3+  -ratio  :  Both  Fe2+  and  Fe3+  are  components  of 
solid  solution  phases  im  the  mantle.  Their  concentrations  are 
thus  variable.  They  may  serve  as  an  indicator,  but  nor  as  a 
buffer  of  fO^ . 

-  b.)  The  Ni-NiO  buffer  pair  :  but  Ni  metal  is  typically  not 
present  in  xenoliths.  The  buffering  capacity  of  Ni,  due  to  its 
low  concentration,  is  too  low  to  exert  a  control  over  the  whole 
mantle.  The  same  argument  holds  for  Cu,  Co,  and  other  elements. 

-  c.)  The  CCO  equilibrium  :  but  neither  CO  nor  C02  are  stable 
under  pressure  in  the  mantle. 

-  d.)  Methane  equilibria  as 

CH4  +  02  =  2  H20  +  C 

but  as  long  as  the  CH4/H20  ratio  is  not  defined  the  f02  is 
variable. 

-  e.)  Carbon-carbonate  buffers,  such  as 

MgSi03  +  MgC03  =  Mg2Si04  +  C  +  02  (EMOG) 

(Eggler)  require  the  universal  presence  of  primary  carbonates, 
which  are,  however,  not  typical  in  xenoliths. 

Here  it  is  proposed  that  by  the  dissociation  of  water  : 

2  H20  =  2  H2  +  02 

the  desired  f02  is  created.  Assuming  equilibrium  with  graphite 
or  diamond  MRK  calculations  show  that  water  is  the  dominant 
fluid  species  in  the  C-H-0  system  under  temperatures  and 
pressures  of  the  continental  geotherm.  In  order  to  buffer  the 
Earth's  mantle  an  excess  of  water  is  required. 

In  a  water  free  peridotite  the  solidus  temperature  increases 
with  increasing  pressure.  Neither  subcontinental  nor  suboceanic 
geotherms  will  intersect  the  dry  peridotite  solidus.  An  addition 
of  water,  however,  drastically  reduces  the  solidus  by  several 
hundred  degrees,  which  may  create  the  intersections  with  the 
geotherms,  which  lead  to  the  formation  of  a  magma.  Incipient 
melting  in  a  subcontinents!  peridotite  appears  to  require  water 
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saturation.  Thus  it  is  evident  that  a  correlation  exists  between 
the  oxygen  fugacity  and  melting. 

Between  the  water  saturated  solidus  (a(H20)  =  1)  and  the  dry 

solidus  (a(H20)  =  0)  a  solidus  surface  spans  where  the  activity 
of  water  decreases  with  increasing  temperature.  With  decreasing 
water  activity,  however,  the  oxygen  fugacity  decreases 
proportionally.  This  may  explain  why  peridotites  from  suboceanic 
sources  show  lower  oxygen  fugacities  and  also,  why  ancient 
samples  from  a  still  hotter  mantle  are  more  reduced,  or,  vice 
versa,  the  observations  of  differing  oxygen  fugacities  may 
support  the  model  of  the  influence  of  water  on  f02  discussed 
above. 

With  increasing  pressures  olivine  reacts  with  water  to  hydrous 
phases  according  to 

Mg2Si04  +  H20  =  MgSi03  +  Mg(OH)2 

or  to  Dense  Hydrous  Magnesian  Silicate  Phases  (DHMS) ,  e.g.  the 
A-phase 

5  Mg2Si04  +  3  H20  =  3  MgSi03  +  Mg7 (Si04) 2 (OH) 6 

As  long  as  in  mantle  peridotites  olivine  is  in  excess  no  free 
water  will  be  stable  under  pressures  above  or  temperatures  below 
the  corresponding  monovariant  reaction  line,  the  Hydration 
Barrier.  With  H20  being  absent,  and  also,  since  DHMS-phases 
cannot  control  the  oxygen  fugacity,  the  system's  capacity  to 
buffer  fO^  is  lost.  Thus,  below  the  hydration  barrier  the  oxygen 
fugacity  is  undefined  and  may  well  assume  values  on  or  below  the 
limit  determined  for  the  stability  range  of  moissanite. 

In  the  peridotite  system  the  water  saturated  solidus  and  also 
the  hydration  barrier  are  fixed.  In  contrast  the  position  of  the 
geotherm  is  variable.  Only  a  slight  increase  in  temperature, 
i.e.  a  small  addition  of  heat,  will  shift  the  geotherm  and  cause 
a  part  of  the  mantle  to  cross  the  hydration  barrier  and  to 
liberate  water,  thus  triggering  the  /02-buf f ering  of  the 
surrounding  and  eventually  the  formation  of  a  magma. 

The  fact  that  many  kimberlites  may  contain  minute  amounts  of 
moissanite  thus  indicates  that 

these  kimberlites  originated  from  the  probably  deepest 
possible  source  of  magma  formation,  the  hydration  barrier,  and 
these  kimberlites  contain,  in  the  form  of  moissanite,  relics 
from  below  the  hydration  barrier. 
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Introduction:  Mountain  Lake  (ML)  was  the  first  occurrence  of  kimberlitic  rock  to  be  discovered  in 
Alberta.  The  occurrence  was  found  in  1990  by  Monopros  Limited,  a  subsidiary  of  De  Beers 
Consolidated  Mines  Ltd.  Mountain  Lake  is  located  75  km  ENE  of  Grande  Prairie,  Alberta,  at  the 
western  margin  of  the  interior  planes  of  central  Canada. 

Exploration:  Regional  surface  sediment  sampling  undertaken  in  the  Peace  River  Arch  area  in  1988 
identified  concentrations  of  kimberlitic  indicator  minerals.  Follow  up  work  in  1989  indicated  the 
main  target  was  one  small  topographic  high  that  was  later  confirmed  to  be  anomalous  by  an  airborne 
geophysical  survey.  Monopros  recovered  the  first  volcanic  rocks  from  a  hand  dug  pit  in  1990  and 
subsequently  conducted  ground  geophysical  surveys  as  well  as  trenching,  core  drilling  (1750m,  nine 
holes)  and  auger  drilling  to  constrain  the  occurrence.  Insignificant  quantities  of  diamonds  were 
recovered  from  trench  and  drillcore  material,  showing  that  this  occurrence  is  uneconomic.  ML 
contains  low  abundances  of  chromite,  chrome  diopside  and  garnet.  The  absence  of  G10  garnets  and 
the  rarity  of  spinels  similar  in  composition  to  diamond  inclusions,  is  consistent  with  the  diamond 
results.  In  1995  the  Canadian  and  Alberta  Geological  Surveys  completed  two  additional  core  holes 
(Leckie  et  al.,  1997;  also  examined  in  this  investigation). 

Geological  Setting:  In  the  area  of  ML  the  Precambrian  basement  is  covered  by  >2500m  of 
Phanerozoic  sediments  including  >  1000m  of  relatively  undisturbed  Cretaceous  sediments.  Most  of 
the  sediments  were  deposited  within  the  Western  Interior  Seaway,  a  broad  shallow  epicontinental  sea 
with  migrating  shorelines.  The  ML  kimberlitic  rocks  were  emplaced  into  early  late  Campanian  to 
Maastrichtian  (Wapiti  Formation)  poorly  consolidated  sandstones,  siltstones,  shales  and  coal 
formations  that  formed  in  a  non-marine  flood  plain  or  alluvial  environment  close  to  the  western  limit 
of  the  seaway  during  its  last  overall  main  regression.  The  basement  in  this  area  lies  within  the 
Chinchaga  domain  of  the  Rae  Province.  The  Chinchaga  formed  in  the  Archaean  at  2088-2186  Ma. 
but  may  contain  older  Archaean  components. 

Main  constituents  and  rock  types:  The  ML  bodies  are  composed  of  extrusively  formed 
volcaniclastic  rocks  with  two  main  end  member  rock  types:  juvenile-rich  and  xenocryst-  or  quartz- 
rich  volcaniclastics.  Gradations  between  the  two  end  members  are  also  present.  The  juvenile-rich 
volcaniclastics  are  dominated  by  altered  olivine.  Other  coarse  constituents  include  rare  ultramafic 
and  basement  xenoliths.  Magmatic  selvages  coat  many  of  the  coarser  constituents,  especially  the 
olivines.  Ubiquitous,  but  not  abundant,  small  irregular  to  more  rounded  juvenile  lapilli  with  no  kernel 
(<10-20mm)  occur.  The  selvages  and  juvenile  lapilli  are  composed  of  glassy  to  serpentine-like 
material.  Some  of  the  lapilli  have  vesicular  textures.  This  material  contains  very  fine  perovskite, 
spinel,  phlogopite,  probable  apatite  and,  relatively  common,  altered  possible  monticellite.  Serpentine 
and  carbonate  occur  in  some  lapilli  but  may  be  secondary.  The  compositions  of  the  groundmass 
spinel  (T1  trend),  perovskite  and  mica  (9-14  wt.%  A1203,  ±1  wt.%  Ti02,  4-8  wt.%  FeO)  are  similar 
to  phlogopites  found  in  archetype  kimberlites.  The  olivines,  occurring  both  as  single  grains  and 
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within  the  juvenile  lapilli,  include  anhedral  and  sometimes  rounded  macrocrysts  (<5mm  in  size)  and 
euhedral  phenocrysts  (<lmm).  Insufficient  evidence  could  be  obtained  to  apply  a  strict  petrological 
classification.  The  observed  features  are  similar  to,  but  not  totally  characteristic  of,  kimberlites  and 
there  are  no  features  indicating  any  alternative  rock  type.  These  rocks  could  represent  a  marginal  or 
more  extreme  type  of  kimberlite  and,  are  therefore,  referred  to  as  “kimberlitic”.  The  inter-clast 
matrix  is  often  indeterminate  but  appears  to  contain  finely  comminuted  juvenile  and  clay-like 
material.  The  juvenile-rich  volcaniclastics  locally  display  bedding  (<l-2m  thick),  which  reflects 
variations  in  the  size  and  abundance  of  olivine,  xenoliths  and  the  inter-clast  matrix.  Most  bedding 
appears  to  be  plane  parallel  and  normally  graded.  Only  minor  xenocrystic  quartz  is  present.  Most  of 
these  volcaniclastics  can  be  termed  juvenile-rich,  lapilli  tuffs  (>2mm  clast  size)  and  coarse  ash 
(<2mm)  or  more  simply  olivine  tuffs.  In  contrast,  the  xenocryst-rich  volcaniclastics  are  composed 
mainly  of  medium-coarse  sand  sized  grains  of  quartz  (<lmm).  These  rocks  are  poor  in  juvenile 
material  including  olivine  and  are  structureless.  Ultramafic  and  basement  xenoliths  and  mantle- 
derived  xenocrysts  are  rare  to  absent. 

Body  size  or  morphology:  The  ML  volcanics  occur  in  at  least  two  separate  bodies,  ML  South  and 
North  (MLS  and  MLN  respectively).  MLS  forms  a  pronounced  topographic  high  that  measures 
400x600-700m  (~20  ha.).  MLN  has  no  topographic  expression  and  measures  about  250x350m 
(~8ha  ).  Drilling  indicates  that  MLS  is  steep  sided  (~70°)  and  contains  volcaniclastics  down  to  at 
least  353m.  The  shape  of  MLN  is  less  well  established  and  volcaniclastics  here  occur  down  to  at 
least  165m. 

Internal  geology:  MLS  is  composed  predominantly  of  juvenile-rich  volcaniclastics.  Bedding  is  well 
developed  below  200m.  MLN  is  composed  of  structureless  quartz-rich,  intermediate  olivine-quartz, 
and  partly  bedded  olivine  volcaniclastics. 

Sediments  within  and  below  the  volcaniclastic  rocks  :  Country  rock  sedimentary  material  is 
incorporated  throughout  the  volcaniclastic  rocks  in  both  bodies  but  is  seldom  abundant.  Small  clasts 
of  varied  rock  types  occur  (mostly  <lcm,  up  to  l-2m).  These  xenoliths  consist  of  mainly  mudstone, 
siltstone,  sandstone  and  organic  material  including  wood.  Features  such  as  very  complex  contacts, 
which  include  small  scale  mixing  between  the  sediments  and  the  host  volcaniclastics,  show  that  many 
of  the  sediment  xenoliths  were  poorly  consolidated  when  they  were  incorporated  into  the 
volcaniclastic  rocks.  Within  the  MLN  volcaniclastics  larger  intersections  of  disturbed  sedimentary 
material  (up  to  25m)  that  are  not  laterally  continuous  are  interpreted  as  xenolithic  blocks.  In 
addition,  up  to  50m  of  sediments  were  recovered  from  the  drillholes  below  the  volcaniclastics. 

Palynology:  The  Campanian-Maastrichtian  boundary  has  been  identified  in  the  country  rock 
sediments  at  515-530m  asl  (~200m  depth)  at  both  MLS  and  MLN.  The  last  marine  sediments  were 
deposited  at  an  elevation  of  about  510m  asl.  This  sequence  is  consistent  with  the  local  stratigraphy 
and  the  overall  upward  regression  leading  to  the  cessation  of  the  Western  Interior  Basin.  The 
sediment  xenoliths  from  within  the  volcaniclastics,  notably  including  some  from  the  same  elevation  as 
the  surrounding  in  situ  Campanian  marine  rocks,  were  derived  from  post  Campanian,  Maastrichtian 
terrestrial  sediments.  The  volcaniclastic  rocks  from  the  two  bodies  yielded  different  palynological 
assemblages.  The  juvenile-rich  volcaniclastics  from  MLS  contain  a  rather  uniform  assemblage  of 
non-marine  Maastrichtian  (or  Campanian-Maastrichtian  if  results  cannot  be  more  time  specific) 
microfossils.  In  contrast  to  MLS,  most  the  samples  of  volcaniclastic  material  from  MLN  yielded  not 
only  Maastrichtian  non-marine  palynomorphs  but  also  older  marine  micro-fossils  derived  from  lower 
Cretaceous  sediments.  The  nature  of  the  palynomorphs  in  all  of  the  volcaniclastic  rocks  indicates  that 
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they  were  very  cool  (30°-70°C)  when  they  were  incorporated  into  the  volcanics.  The  palynology 
provides  a  maximum  emplacement  age  for  both  bodies  of  mid-Maastrichtian,  probably  68Ma.  and 
also  shows  that  the  volcanics  erupted  into  a  terrestrial  deltaic  environment  with  a  tropical  climate. 

Emplacement  model:  The  two  ML  bodies  require  contrasting  emplacement  models.  MLS:  The 
formation  of  this  body  is  considered  to  be  a  two  stage  subaerial  process  :  (1)  pipe  excavation  with 
the  deposition  of  most  of  the  disrupted  country  rock  material  outside  the  crater,  and  (2)  subsequent 
rapid  pipe  infilling  predominantly  by  juvenile-rich  volcaniclastics  with  minor  dilution  by  country  rock 
material,  at  least  in  part,  by  primary  pyroclastic  airfall  processes.  The  presence  of  thinly  bedded 
material  suggests  that  some  of  the  material  was  deposited  into  standing  water  such  as  a  crater  lake. 
No  diatreme-facies  or  magmatic  material  was  found.  This  general  model  is  similar  to  that  proposed 
for  the  Fort  a  la  Come  (FALC)  kimberlites  in  Saskatchewan  (Scott  Smith  et  al.,  this  volume)  which 
are  interpreted  as  maars.  In  contrast  to  FALC  rocks,  the  MLS  volcaniclastics  contain  common  fine 
material  and  armoured  and  accretionary  lapilli  suggesting  wet  subaerial  eruption  clouds.  MLN 
appears  to  be  a  pipe  formed  by  similar  processes  to  MLS  but  it  must  have  had  a  different  infilling 
history  to  explain  the  much  higher  proportion  of  xenocrystic  quartz,  the  common  presence  of  older 
organic  material,  the  lack  of  internal  structure,  and  the  presence  of  very  large  blocks  of  sediments 
within  the  volcaniclastics.  It  is  most  likely  that  the  quartz  and  older  palynomorphs  were  derived  from 
the  pipe  wall.  The  thorough  mixing  of  this  material  with  juvenile  volcaniclastic  material  in  most,  but 
not  all,  areas  of  MLN  may  result  from  processes  other  than  pyroclastic  ones.  When  contrasted  to 
MLS,  most  of  the  features  in  MLN  can  be  explained  if  much  of  the  infilling  resulted  from  secondary 
resedimentation  processes  of  extra-crater  deposits.  Although  there  is  no  specific  evidence  to  support 
the  suggestion,  many  of  the  features  could  be  explained  if  MLN  was  an  open  pipe  when  MLS 
erupted  and  that  much  of  the  resedimented  and  primary  material  was  derived  from  MLS  while  MLN 
remained  open.  Some  of  the  large  deformed  sediment  blocks  in  MLN  could  be  derived  from  the 
pipe-forming  process  and/or  spalling  of  an  unstable  pipe  wall.  In  contrast  to  the  model  presented 
here,  Leckie  et  al.  (1997)  propose  a  different  model:  “that  pyroclastic  rocks  were  emplaced  into  and 
onto  non-marine  floodplain  sediments  of  the  Wapiti  Group  over  a  discrete  time  interval  (<lMa.).  A 
positive  relief  volcanic  feature  was  constructed  on  the  floodplain”  during  the  late  late  Campanian 
(between  75  and  76  Ma).  The  evidence  presented  here  contradicts  this  model. 

Conclusions:  The  ML  pipes  were  the  first  kimberlitic  rocks  to  be  discovered  in  Alberta.  Although 
the  ML  pipes  were  found  to  be  uneconomic,  they  serve  as  an  excellent  case  history  of  exploration 
and  kimberlite  emplacement  within  the  Western  Interior  Basin.  The  mantle-derived  magma  type 
forming  the  ML  bodies  is  not  well  established.  If  these  bodies  are  composed  of  kimberlite  it  is  a 
marginal  or  extreme  variety  and  the  term  “kimberlitic”  is  applied  to  these  rocks.  The  pipe-forming 
rocks  are  crater-facies  juvenile-rich  or  xenocryst-rich  volcaniclastics  (probable  tuffs  and  coarse  ash). 
ML  comprises  at  least  two  pipe-like  bodies  which  have  contrasting  internal  geology.  The  two  main 
pipes  were  presumably  excavated  by  similar  processes,  which  may  be  maar-like,  but  were  then 
infilled  by  different  processes:  one  pipe  was  infilled  mainly  by  primary  pyroclastic  material  while 
secondary  resedimentation  processes  may  have  dominated  in  the  other.  Exploration  in  this  area  has 
recently  become  very  active  with  a  new  diamondiferous  kimberlite  field  being  discovered  350  km  to 
the  northwest  of  ML  in  the  Buffalo  Hills  area. 
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Upper  mantle  xenoliths  were  recovered  from  a  kimberlite  pipe  in  the  Kaavi  group  of  the  Eastern 
Finland  Kimberlite  Province.  The  kimberlite  bodies  in  this  province  intruded  the  late  Archean  craton 
during  the  early  Paleozoic  (450-600  Ma;  Griffin  et  ah,  1995;  Peltonen  et  ah,  this  volume).  The  pipe 
lies  close  to  the  suture  zone  between  the  late  Archean  craton  and  the  adjacent  Proterozoic  (~1.9  Ga.) 
Svecofennian  mobile  belt.  The  xenolith  assemblage  is  dominated  by  garnet  lherzolizes  and 
harzburgites,  with  less  common  garnet-spinel  harzburgites.  Other  rarer  xenolith  types  include  olivine 
websterites,  wehrlites  and  eclogites  with  mantle  affinities  (Kukkonen  and  Peltonen,  submitted).  Some 
of  the  eclogites  are  diamond-bearing.  Most  of  the  peridotite  xenoliths  are  hydrothermally  altered  to 
various  degrees,  with  most  olivine  (ol)  and  orthopyroxene  (opx)  being  completely  replaced  by  low 
temperature  phases  such  as  serpentine.  This  hampers  rigourous  thermobarometric  determinations  for 
most  samples.  On  the  other  hand,  co-existing  garnet  (gt)  and  clinopyroxene  (cpx)  were  unaffected  by 
alteration  so  that  equilibration  temperatures  can  be  estimated  from  this  mineral  pair.  A  minority  of 
samples  do  contain  relicts  of  orthopyroxene,  also  permitting  an  estimate  of  equilibration  pressure. 

The  gamet-clinopyroxene  thermometer  of  Krogh  (1988)  yields  temperatures  of  1 100-1 186°C  for  the 
garnet  peridotites  (at  5.0  GPa),  the  assumed  pressure  being  based  on  results  obtained  from  the  few 
orthopyroxene-bearing  samples.  The  garnet-spinel  peridotites  record  lower  temperatures  of  830- 
1030°C  (at  3.0  GPa).  The  spinels  in  these  samples  are  anhedral  and  are  only  in  contact  with  olivine, 
suggesting  they  are  residual  in  nature.  Therefore,  the  equilibration  pressure  for  these  samples  could 
have  been  somewhat  higher,  although  the  observed  low  temperatures  are  more  consistent  with  the 
transition  from  the  spinel  to  garnet  peridotite  stability  field  being  caused  by  a  cooling  event.  The 
unavoidable  uncertainty  in  pressure  has  only  a  small  effect  on  the  calculated  temperature  (±0.5  GPa 
changes  the  calculated  temperatures  by  ~  ±20°) 

In  an  attempt  to  understand  the  redox  conditions  that  existed  in  the  upper  mantle  beneath  the 
Fennoscandian  Shield,  we  have  measured  the  Fe3+/£Fe  of  garnet  and  clinopyroxene  separates  from 
the  peridotite  xenoliths  by  Mossbauer  spectroscopy  (at  room  temperature).  Garnets  in  garnet-spinel 
peridotites  have  Fe3+/XFe  =  0.02-0.03,  after  correcting  for  recoil-free  fraction  effects  (Woodland  and 
Ross,  1994),  and  coexisting  clinopyroxenes  have  Fe3+/XFe  =  0.08-0.15.  In  the  garnet  peridotites, 
garnet  and  clinopyroxene  have  higher  Fe3+  contents:  Fe3+/XFe  =  0.06-0.10  and  0.18-0.21, 
respectively.  Therefore,  the  Fe3+  contents  in  garnet  increase  with  increasing  temperature  as  observed 
by  Luth  et  al.  (1990)  and  Canil  and  O’Neill  ( 1996).  Calculation  of  the  oxygen  fugacity  (f02)  recorded 
in  the  samples  is  compromised  by  the  lack  of  preserved  olivine  and  orthopyroxene,  which  participate 
in  the  available  calibrated  oxygen  barometers.  However,  the  XFe  in  the  co-existing  olivine  and 
orthopyroxene  can  be  approximated  from  the  Mg-Fe  exchange  systematics  of  Brey  and  Kohler  (1990) 
at  a  given  temperature  (given  by  the  gt-cpx  thermometer)  and  an  assumed  pressure  of  equilibration. 
Then,  an  estimate  of  the  f02  can  be  made  using  the  equilibrium  involving  the  skiagite  component  in 
garnet: 

2  Fe^+Fe^+Si3Oi2  =  4  Fe2Si04  +2  FeSi03  +  02 
garnet  olivine  orthopyroxene 
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which  has  recently  been  experimentally  calibrated  by  Gudmundsson  and  Wood  (1995).  This 
equilibrium  has  been  shown  to  be  subject  to  less  error  than  other  possible  garnet-bearing  equilibria 

involving  the  andradite  component  (Gudmundsson  &  Wood  1995).  The  resulting  Alog/02  values  are 
-FMQ-4.0  for  the  garnet-spinel  peridotites  xenoliths  and  FMQ-4.5  to  FMQ-3.6  for  the  garnet 
peridotite  xenoliths,  which  correspond  to  conditions  ~  0.5  to  1.5  log  units  above  the  iron-wiistite 
oxygen  buffer.  These  values  are  relatively  insensitive  to  errors  in  the  olivine  and  orthopyroxene 
compositions,  with  uncertainties  in  XFe  of  ±1  mol  %  in  these  phases  causing  a  shift  of  <  0.4  log 
units.  In  addition,  two  samples  with  relict  orthopyroxene  gave  essentially  the  same  result  (within  0.2 
log  units)  when  the  orthopyroxene  composition  was  used  and  when  the  XFe  in  orthopyroxene  was 
estimated  from  the  Mg-Fe  exchange  systematics.  Our  results  are  comparable  to  values  recalculated 
from  literature  data  for  garnet  peridotite  xenoliths  from  South  African  and  Siberian  kimberlites  (e.g. 
Luth  et  al.,  1990). 
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General 

The  Ningxiang  lamproite  intrusives  were  discovered  by  Brigade  413  of  the  Hunan  Bureau  of 
Geology  and  Mining  in  the  mid- 1980’s.  They  are  located  approximately  35km  west  of  Changsha, 
the  capital  of  Hunan,  some  10km  south  of  the  village  of  Ningxiang  (Figure  1).  There  are  at  least  27 
bodies,  and  apart  from  6  pipes,  they  are  mostly  small  dykes  and  veins.  The  pipes  are  all  larger  than 
one  hectare,  the  largest  being  4  to  5  hectares.  The  bodies  intrude  Upper  Proterozoic  Banxi  and 
Sinian  age  rocks,  and  steeply  dipping  middle  to  upper  Devonian  siltstones.  Tertiary  Red  Beds  are 
well  preserved  and  clearly  overlie  the  lamproites  in  some  cases.  They  are  thus  post-Devonian  and 
pre-Tertiary,  consistent  with  isotopic  ages  of  345  Ma  (Sm-Nd)  and  328  Ma  (Rb-Sr)  (Liu  Guanliang, 
Pers.  comm.,  1996).  Trace  amounts  of  diamonds  have  been  reported  from  the  bodies.  The 
lamproites  occur  on  the  boundary  between  the  Yangtze  Paraplatform  and  the  South  China  Fold  Belt 
at  the  intersection  of  three  crustal/lithospheric  fractures,  just  south  of  a  graben  feature.  The 
Ningxiang  bodies  are  perhaps  associated  with  a  broad  zone  that  extends  to  the  lamproites  in 
Guizhou  Province. 

Petrography 

The  rocks  are  extensively  altered,  and  mostly  comprise  crater  facies  volcaniclastic  lapilli  tuffs  and 
pyroclastics,  at  times  containing  abundant  lithic  fragments.  The  overall  petrography  of  the  juvenile 
lapilli  in  the  pyroclastics  and  of  rare  samples  from  magmatic  facies  lamproite  indicates  that  the 
intrusives  are  probably  olivine  leucite  lamproites.  Alteration  products  are  carbonate,  silica,  chlorite 
and  clay  minerals.  Two  generations  of  olivine  are  present;  as  altered  macrocrysts,  having  resorbed 
grain  boundaries,  and  as  phenocrysts  displaying  complex  shapes  including  re-entrant  features  and 
some  growth  aggregates.  Tabular  grains  seen  in  some  of  the  intrusions  may  be  altered  feldspar 
(sanidine?).  Phlogopite,  usually  occurring  as  small  stubby  interstial  laths  and  plates  in  the 
groundmass,  appears  less  abundant  than  is  commonly  found  in  most  lamproites.  Small  grains  of 
possible  leucite  are  common,  and  diopside  can  be  identified  in  some  of  the  fresher  samples.  Apatite 
and  opaque  minerals  are  fairly  abundant. 

The  whole  rock  geochemistry  of  22  samples  (Si02  43-46  %,  MgO  16-21%,  K20  2-3.8%,  Ti02  2- 
2.5%  Na20  <  1%)  would  place  the  rocks  between  olivine  lamproite  and  madupitic  lamproite 
(Mitchell  and  Bergman,  1991). 

Mineral  Chemistry 

Spinel  dominates  the  heavy  mineral  concentrates  from  the  rocks.  Pyrope  garnets  and  chromian 
diopsides  are  less  common  but  their  quantities  and  proportions  vary  substantially  between  the 
bodies.  The  chromian  diopsides,  with  very  few  exceptions,  have  less  than  2  wt%  Cr203,  but  are 
nevertheless  consistent  with  mantle  compositions.  Picroilmenite  is  present,  but  rare.  A  single  grain 
of  jeppeite  was  found  in  one  heavy  mineral  concentrate  sample. 
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The  spinels  have  upper  mantle  compositions  and  display  a  negative  Mg0-Cr203  relationship  (MgO 
12-17  wt%,  Cr203  35-60  wt%).  Ti02  content  of  most  spinels  is  less  than  1  wt%,  but  varies  up  to  5 
wt%,  particularly  in  textured  rims  (Figure  2).  This  is  a  characteristic  typical  of  lamproites.  Some  of 
the  Ningxiang  spinel  populations  show  a  sub-parallel  association  of  core-rim  tie-lines  on  the 
Cr203-Ti02  plot,  with  the  most  well  developed  rim  textures  occurring  on  the  low-Cr203  spinels 
(Figure  2).  This  observation  is  consistent  with  relatively  low-Cr203  xenocrystic  spinels  being 
replaced  and/or  over-grown  with  higher  Ti02  spinels  crystallising  as  phenocrysts  in  a  progressively 
evolving  lamproitic  magma. 

The  garnets  are  lherzolitic  (Dawson  and  Stephens,  (1975),  group  9)  and  can  be  divided  into  two 
distinct  populations  having  Cr203  contents  of  7-1 1  wt%  and  2-6.5  wt%  respectively  (Figure  3).  Very 
few  grains  have  more  than  0.3  wt%  Ti02.  Sub-calcic  garnets  are  absent.  Eighty  three  garnets  were 
analysed  for  trace  elements  using  the  Laser  ICP/MS  at  Macquarie  University,  Sydney  (Griffin, 
1996).  The  garnets  from  the  high  Cr203  group  in  particular  have  depleted  Zr  and  Y  signatures. 
Many  of  the  low-Cr203  garnets  are  low  temperature  (less  than  1050  °C)  and  enriched  in  Y 
suggestive  of  a  high  geotherm  (Griffin  and  Ryan,  1995).  The  condrite  normalised  REE  contents  are 
mostly  relatively  depleted  with  flat  profiles  (HREE  depleted  and  LREE  enriched).  Some  of  the  high 
Cr203  wehrlitic  garnets  have  sinuous  REE  patterns  similar  to  those  characterising  diamond  inclusion 
and  some  harzburgitic  garnets  (see  Shimizu  and  Richardson,  1987;  Hoal  et  al.  1994;  Sobolev  and 
Shimizu,  1993).  Using  the  scheme  outlined  by  Ryan  et  al.  (1996),  a  garnet  Ni/Cr  geotherm  of  about 
44m W/m2  is  inferred  (Figure  4).  Garnet  Ni/Cr  data  for  the  Penjiabang-01  (Dahongshan)  lamproite  in 
Hubei  Province,  about  300  kms.  north  of  Ningxiang,  but  still  within  the  Yangtze  craton,  also 
suggests  a  hot  geotherm  of  about  45  mW/m2  for  this  tectonic  environment.  Projecting  the  Ningxiang 
data  onto  the  diamond/graphite  curve  suggests  that  few,  if  any,  of  the  garnets  derive  from  within  the 
diamond  stability  field.  However,  based  on  Y/Ga  and  Zr/Y  relationships  the  garnets  overlap  the 
‘Proton’  and  ‘Archon’  fields  of  Griffin  and  Ryan  (1995).  While  these  lamproites  are  unlikely  to  be 
significantly  diamondiferous,  the  existence  of  other  economic  bodies  in  the  area  cannot  be 
discounted. 
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Figure  1.  Location  of  the  Ningxiang  lamproites, 
Hunan  Province,  China 
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Figure  3.  Ningxiang  lamproites.  Broken  lines: 
boundaries  from  Gurney,  1984,  (see  also  Griffin 
and  Ryan,  1995). 
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Figure  2.  Ningxiang  lamproites.  Solid  lines  show 
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Figure  4.  Ningxiang  lamproites.  Temp,  from  Ni  in 
garnet,  and  pressures  (minimum)  from  Cr  in 
garnet  (Griffin  and  Ryan,  1995,  Ryan  et  al., 
1996).  Based  on  the  relatively  abundant  high 
Cr203  garnet  group  (Fig.  3)  a  geothermal  gradient 
of  about  44  mW/m^  is  suggested. 
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Introduction 

Polymict  xenoliths  from  the  Bultfontein  kimberlite,  South  Africa  have  previously  been  described  in 
detail  by  Lawless  (1978),  Lawless  et  al.  (1979)  and  Wyatt  and  Lawless  (1984).  These  unusual 
xenoliths  comprise  a  disequilibrium  assemblage  of  peridotitic  and  eclogitic  rock  fragments  and 
minerals  cross-cut  and  cemented  by  veins  of  ilmenite,  phlogopite,  rutile  and  sulphides.  The 
xenoliths  have  been  interpreted  as  remnant,  tectonically  emplaced  conduit  breccia  associated  with 
the  migration  of  kimberlitic  fluids.  The  material  was  sampled  at  about  83  My  (Lawless  et  al.,  1979). 

These  rocks  are  obvious  candidates  for  a  study  of  mantle  metasomatism,  and  some  preliminary  trace 
element  analyses  of  garnets  in  one  of  the  xenoliths  (BD2394)  are  presented  here.  The  major 
elements  were  analysed  at  Macquarie  University  using  a  Cameca  SX50  microprobe,  and  the  trace 
elements  on  the  ion  probe  facility  at  Edinburgh  University. 

Textures  and  Major  Element  Chemistry 

One  of  the  purple  peridotitic  garnets  in  BD2394  is  surrounded  by  a  0.1  mm  corona  of  orange  garnet 
which  is  clearly  an  overgrowth.  Present  in  the  same  sample  is  some  invasive  material,  resembling  a 
melt,  and  which  now  comprises  an  intergrowth  of  subhedral  orange  garnets,  olivine,  orthopyroxene, 
ilmenite  and  phlogopite  (Figure  1).  Similar  areas  were  termed  ‘rock  clasts’  by  Lawless  et  al.(1979). 

Some  of  the  garnet  compositions  which  were  also  analysed  for  trace  elements  are  given  in  Table  1. 
As  noted  by  Lawless  et  al.  (1979),  the  rock  comprises  a  variety  of  garnets  including  Cr203-rich 
peridotitic,  low  Cr203  megacrystic  and  eclogitic  varieties  (Table  1).  None  of  the  large  garnets, 
including  the  rimmed  garnet  (G1  in  Figure  1),  are  compositionally  zoned.  The  orange  garnet 
overgrowth,  and  the  small  subhedral  garnets  comprising  the  invasive  area  (Figure  1),  although 
slightly  more  variable,  have  low  Cr203  megacrystic  compositions  (Table  1),  and  compare  closely  to 
megacrystic  garnets  from  other  localities  such  as  Jagersfontein,  Monastery  ,  Lekkerfontein,  (see 
Hops  et  al.,  1992). 

Trace  Elements 

The  trace  elements  patterns  of  some  of  the  garnets  are  given  in  Figures  2  and  3.  The  Cr203_rich 
garnets  are  all  LREE  depleted  and  have  HREE  contents  typical  of  lherzolitic  garnets  (eg.  Hoal  et  al., 
1994).  Two  of  the  peridotitic  garnets  (Nos.  1  and  5,  Table  1)  show  slight  depletion  from  Sm  to  Lu, 
but  the  sinusoidal  patterns  displayed  by  some  depleted  garnets  (Hoal  et  al.,  1994)  is  not  evident. 
One  of  these  garnets  (No. 5,  Table  1,  Figure  2)  shows  minor  HREE  enrichment  in  the  rim  relative  to 
the  core,  suggestive  of  some  interaction  with  a  fluid  phase.  Two  of  the  large  yellow  eclogitic  garnets 
are  also  LREE  depleted  showing  progressive  enrichment  in  HREE,  but  are  unzoned. 

The  orange  garnet  rim  surrounding  the  peridotitic  garnet  and  the  subhedral  garnets  in  the  fine 
grained  invasive  area  are  almost  identical  being  LREE  depleted  and  HREE  enriched  (Figure  3). 
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This  REE  pattern  is  very  similar  to  low  Cr203  garnets  reported  by  Fedorowich  et  al.  (1995)  from  the 
Frank  Smith  (South  Africa)  and  Schaffer  (Wyoming,  USA)  kimberlites. 

Discussion 

This  preliminary  study  has  shown  that  the  polymict  xenolith  (BD2394),  in  spite  of  comprising  a 
wide  variety  of  garnet  compositions,  displays  no  evidence  of  major  element  re-equilibration,  and 
minimal  indication  from  the  trace  elements  of  reaction  with  the  ilmenite-phlogopite-sulphide  fluid 
phase  that  has  infiltrated  and  cemented  the  xenolith.  These  data  provide  further  evidence  that  the 
formation  of  the  polymict  xenoliths  clearly  was  a  transient  event,  very  likely  associated  with  the 
generation  of  the  kimberlite,  probably  as  an  immediate  precursor  (Lawless  et  al.,  1979;  Wyatt  and 
Lawless,  1984). 

It  is  our  view  that  the  fine  intergrowth  of  orange  subhedral  garnets,  orthopyroxene,  olivine,  ilmenite 
and  phlogopite  (Figure  1)  may  either  be  the  high  pressure  product  of  a  basaltic  partial  melt 
generated  and  crystallised  more  or  less  in-situ,  or  an  introduced  melt  that  has  invaded  the  polymict 
melange.  This  material  may  correspond  to  the  source  of  the  megacrystic  garnets  found  in 
kimberlites  and  provides  support  for  models  of  Harte  (1983)  and  Hops  et  al.  (1992)  that  these 
garnets  are  related  to  a  basaltic  magma.  Whether  this  magma  is  a  product  of  short  duration  partial 
melting  within  the  polymict  assemblage  or  is  in  fact  introduced  magmatic  material  (possibly  related 
to  a  plume?)  will  require  further  evaluation  of  these  data 
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Figure  1.  Small  part  of  slide 
BD2394  showing  what  is 
interpreted  as  an  melt  (pale 
grey)  invasive  into  a  polymict 
melange  (dark  grey).  Only  the 
obvious  subhedral  orange 
garnets  (low  Cr203  megacryst 
composition)  are  shown 
(medium  grey).  Nos.  1,  2  etc. 
refer  to  analyses  in  Table  1. 
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Table  1 


Anal.  No. 

1 

2 

3 

4 

5 

6 

7 

8 

Anal.  Ref.  No. 

BW1GT101 

BW1GT103 

BW1GTA01 

BW1GT301 

BW2GT101 

BW2GT201 

BW2GT301 

BW2GT401 

Slide 

S14/FC/1 

S14/FC/1 

S14/FC/1 

S14/FC/1 

S14/FC/2 

S14/FC/2 

S14/FC/2 

S14/FC/2 

Grain 

Gt-1 

Gt-1 

Gt  4-8 

Gt-3 

Gt-1 

Gt-2 

Gt-3 

Gt-4 

Description 

Purple  - 
Orange  rim 

Orange  rim 
on  Gt-1 

Orange 

Subhedral 

Yellow 

Purple 

Purple 

Purple 

Yellow 

Paragenesis 

Peridotite 

Megacryst 

Megacryst 

Eclogite 

Peridotite 

Peridotite 

Peridotite 

Eclogite 

No.  Points 

10 

10 

12 

8 

11 

21 

18 

17 

Si02 

42.12 

41.86 

41.59 

40.46 

41.20 

40.93 

41.72 

39.86 

Ti02 

0.11 

1.24 

1.29 

0.22 

0.12 

0.25 

0.34 

0.22 

ai203 

20.62 

21.37 

21.49 

22.42 

17.90 

20.19 

20.92 

22.17 

Cr203 

3.94 

1.04 

0.82 

0.13 

7.09 

3.17 

3.19 

0.07 

FeO 

6.51 

9.72 

9.47 

16.91 

7.03 

10.87 

6.75 

14.96 

MnO 

0.28 

0.29 

0.27 

0.40 

0.29 

0.33 

0.28 

0.37 

MgO 

21.60 

21.58 

21.90 

16.13 

20.34 

18.42 

21.72 

13.00 

CaO 

5.03 

4.41 

3.19 

3.24 

5.40 

5.50 

4.72 

8.85 

Na20 

0.04 

0.08 

0.07 

0.10 

0.05 

0.03 

0.06 

0.07 

K20 

0.02 

0.00 

0.01 

0.02 

0.00 

0.01 

0.01 

0.00 

NiO 

0.02 

0.02 

0.02 

0.03 

0.00 

0.02 

0.01 

0.02 

Total 

100.29 

100.61 

100.14 

100.05 

99.52 

99.72 

99.70 

99.59 

Peridotitic  Garnets 
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Figure  2.  See  Table  1  for  grain  identification. 
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Eclogitic  and  Meg  a  cry  Stic  Garnets 
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Figure  3.  See  Table  1  for  grain  identification. 
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Introduction 

Diamond  exploration  commenced  in  the  Northern  Kimberley  with  Tanganyika  Holdings/CRA 
Exploration  in  1972,  and  later  included  Stockdale  Prospecting  Ltd.  (SPL),  and  most  extensively 
BHP  Minerals,  up  until  1987.  This  led  to  the  discovery  of  six  major  occurrences,  comprising  two 
pipes  (Skerring  and  Pteropus  01)  and  four  dykes.  During  the  period  1990-1994  SPL,  in  Joint 
Venture  with  BHP,  undertook  extensive  exploration  within  the  Forrest  River  Aboriginal  Reserve, 
primarily  using  aeromagnetics  and  heavy  mineral  sampling.  Seventeen  kimberlites  were  identified, 
most  being  small,  dyke-like  bodies.  However  two  pipes,  Pteropus  02  and  Seppelt  01  (Figure  1),  are 
sizeable  with  the  latter  being  significantly  diamondiferous  and  of  continuing  economic  interest. 

The  North  Kimberley  region  lies  wholly  within  the  Kimberley  Basin,  which  comprises  a  series  of 
near  flat  lying  sedimentary  and  basaltic  units  accumulated  at  approximately  1800Ma  on  stable 
continental  crust  (Jaques  et  al.,  1986).  The  basement  age  of  the  Kimberley  Basin  is  unknown  but  is 
inferred  to  be  Archaean. 

Discovery  of  the  Seppelt  01  and  Pteropus  02  Pipes 

The  Seppelt  01  kimberlite  was  discovered  after  abundant  spinels  and  diamonds  were  recovered  in 
drainage  samples  downstream  of  the  now  known  location  of  the  pipe.  The  best  result  returned  31 
diamonds  weighing  1.05  carats,  and  abundant  kimberlitic  spinels.  Investigation  of  the  drainage 
around  the  likely  cut  off  sample  located  kimberlite  float,  and  subsequently  an  outcropping  dyke.  A 
magnetic  anomaly  in  the  vicinity  of  the  dyke  was  also  evident,  and  subsequent  drilling  delineated 
Seppelt  01,  a  kimberlite  pipe.  The  Pteropus  02  kimberlite  was  discovered  after  stream  sampling 
returned  many  kimberlitic  spinels  immediately  upstream  of  the  Pteropus  01  kimberlite.  The  airborne 
survey  identified  a  magnetic  anomaly,  confirmed  as  kimberlite  after  drilling. 

Geology 

Seppelt  01  intrudes  Pentecost  Sandstone.  The  kimberlite  forms  two  lobes,  both  of  which  have  a 
complex  geology.  However,  interpretation  was  made  difficult  by  the  extreme  weathering  of  the 
kimberlite.  The  first  30  metres  of  kimberlite  have  been  weathered  to  kaolinite.  Below  this  depth 
more  readily  recognised  hypabyssal  facies  kimberlite  is  present.  The  pipe  has  a  core  of  hypabyssal 
kimberlite,  which  grades  into  kimberlitic  breccia  and  then  into  country  rock  (Figure  2).  Kimberlitic 
breccia  is  more  prevalent  in  the  upper  part  of  the  pipe,  suggesting  the  addition  of  collapsed  country 
rock  material. 

Pteropus  02  is  exposed  in  a  valley  in  the  core  of  an  anticline.  It  intrudes  Warton  Sandstone  and 
grades  from  hypabyssal  kimberlite,  through  kimberlitic  breccia,  to  country  rock  permeated  with 
kimberlite  stringers  (Figure  3).  Unlike  Seppelt  01,  it  has  not  undergone  extreme  weathering. 
Geophysics 

The  airborne  and  ground  magnetic  data  over  Seppelt  01  show  a  clear  positive  dipolar  anomaly 
associated  with  each  of  the  two  lobes  of  the  pipe.  The  measured  magnetic  susceptibility  (0.040  SI 
units)  indicates  that  the  body  is  strongly  magnetic  compared  with  many  other  kimberlites,  however 
the  observed  magnetic  anomaly  is  greatly  reduced  by  a  strong  reversely  magnetised  remanent 
component,  determined  by  measurements  on  drill  core.  The  airborne  and  ground  magnetic  data  over 
the  Pteropus  02  body  shows  a  clear  anomaly  associated  with  the  pipe. 
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Gravity  data  over  Seppelt  01  show  residual  Bouguer  gravity  lows  over  both  lobes  of  the  kimberlite, 
with  a  maximum  amplitude  of  0.5mGal.  This  is  considered  typical  of  kimberlites  in  this 
environment  and  is  attributed  to  weathering  at  the  top  of  the  pipe.  A  residual  low  of  1.6mGal  is 
associated  with  Pteropus  02.  A  smaller  low,  0.6mGal  in  amplitude  is  coincident  with  the 
Pteropus  01  breccia,  which  is  not  resolvable  from  the  magnetic  data.  The  gravity  response  of  the 
Pteropus  02  pipe  infers  a  larger  body  than  would  be  interpreted  from  the  magnetic  data.  The 
magnetic  response  is  probably  due  to  the  magnetic,  hypabyssal  core  of  the  intrusion,  while  the 
gravity  response  has  a  significant  contribution  from  brecciated  country  rock  surrounding  the  central 
core.  The  form  of  the  gravity  map  is  somewhat  disturbed  by  a  steep  topographic  slope  to  the  west  of 
Pteropus  01. 

The  Dighem  helicopter  EM  system  was  flown  over  Seppelt  01.  The  response  is  interpreted  as  a 
weak  conductor  associated  with  the  top,  weathered  portion  of  the  pipe.  SIROTEM  Mk  ID  and 
Geonics  EM-34  data  were  acquired  over  the  body.  The  clearer  response  is  from  the  latter. 

Mineral  Chemistry 

Pteropus  02  contains  chrome  spinel,  garnets,  rare  ilmenites,  and  clinopyroxene.  The  garnets  are 
lherzolitic,  and  no  true  sub-calcic  varieties  were  found.  The  Pteropus  02  spinels  (Figure  4)  are 
generally  typical  kimberltic  varities,  but  a  distinctive  low-MgO  (less  than  8.0  wt.  %)  high-TiCT 
(more  than  2.0  wt.  %)  population  is  also  present. 

Seppelt  01  contains  large  numbers  of  chrome  spinel,  rare  garnets  located  only  at  depth,  and  no 
ilmenites.  A  typical  suite  of  high-MgO  kimberlitic  spinels  is  present  which  includes  many  high  Ti02 
grains.  The  garnets  are  dominated  by  lherzolitic  and  Ca-harzburgitic  varities  including  some  sub- 
calcic  garnets  (Figure  5). 

Proton  probe  trace  element  analyses  of  selected  Seppelt  01  and  Pteropus  02  garnets  show  that  many 
are  depleted  (less  than  about  10  ppm  Y  and  50  ppm  Zr),  but  some  grains  are  enriched  in  Zr  in 
particular  (up  to  about  150  ppm).  A  Ni/Cr  geotherm  calculated  using  the  methods  outlined  by 
Griffin  and  Ryan  (1995)  and  Ryan  et  al.  (1996)  suggest  normal  cratonic  gradients  of  close  to  40 
mW/m2  for  the  area  (Figure  6)  at  the  time  of  pipe  emplacement.  A  Rb/Sr  phlogopite  model  age  of 
784  Ma  is  given  by  Barton  and  Smith  (De  Beers  internal  report,  1992)  for  Seppelt  01  (consistent 
with  about  800  Ma  by  association  with  the  Skerring  and  Pteropus  01  kimberlites  -  see  Jaques  et  al., 
1986).  A  40Ar/39Ar  phlogopite  date  of  about  860  Ma  has  been  obtained  for  Pteropus  02  by  Phillips 
(De  Beers  internal  report,  1994). 

References 

Griffin,  W.L.  and  Ryan,  C.G.  1995,  Trace  elements  in  indicator  minerals:  area  selection  and  target 
evaluation  in  diamond  exploration:  J.  Geochem.  Explor.,53,  p.  31 1-337. 

Gurney,  J.J.,  1984,  A  correlation  between  garnets  and  diamonds.  In:  J.E.  Glover  and  P.G.  Harris 
(Eds.),  Kimberlite  Occurrence  and  Origins,  a  Basis  for  Conceptual  Models  in  Exploration:  Geol 
Dept,  and  Univ.  Ext.,  Univ.  of  West.  Aust.  Publ.  No.  8,  p  1 43- 1 66. 

Jaques,  A.L.,  Lewis,  J.D.  and  Smith,  C.B.,  1986,  The  Kimberlites  and  Lamproites  of  Western 
Australia:  Geol.  Surv.  West.  Aust.  Bull.  132. 

Ryan,  C.G.,  Griffin,  W.  L.,  and  Pearson  N.  J.,  1996,  Garnet  geotherms:  pressure-temperature  data 
from  Cr-pyrope  garnet  xenocrysts  in  volcanic  rocks:  J.  Geoph.  Res.,  101(B3)  p.  561 1-5625. 
Sobolev,  N.V.,  Lavrentiev,  Yu  G.,Pokhilenko,  N.P.  and  Usoval  V.,  1973,  Chrome-rich  garnets  from 
the  kimberlites  of  Yakutia  and  their  parageneses:  Contrib.  Mineral.  Petrol.,  400,  39-52. 


972 


Figure  1 
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Kimberlites,  carbonatites,  peridotites 
and  silicate-carbonate  liquid  immiscibility  explained 
in  parts  of  the  system  Ca0-(Na20+K20)-(Mg0+Fe0)-(Si02+Al203)-C02 

Wyllie,  P.  J.,  and  Lee,  W.-J. 


Division  of  Geological  and  Planetary  Sciences,  California  institute  of  Technology,  Pasadena,  CA  91125,  USA. 

New  experimental  data  between  1.0  and  2.5  GPa  in  the  system  Ca0-Mg0-Si02-C02  and  in  selected 
joins  through  the  more  complex  system  Ca0-(Na20+K20)-(Mg0+Fe0)-(Si02+Al203)-C02  have 
advanced  understanding  of:  (1)  the  possible  relationships  among  lherzolite  and  wehrlite,  carbonate- 
rich  liquids,  and  kimberlite  and  melilitite  liquids,  and  (2)  the  effect  of  alkalis  in  promoting  silicate- 
carbonate  liquid  immiscibility.  A  critical  end-point  on  the  solidus  for  peridotite-H20-C02  is  a 
possible  explanation  for  the  aqueous  and  carbonate-rich  fluid  inclusions  reported  in  diamonds  by 
Schrauder  and  Navon  (1994). 

The  nature  and  distribution  of  carbonate-rich  melts  in  the  mantle  and  in  the  context  of  kimberlite 
genesis  has  been  of  recent  interest,  given  evidence  for  metasomatism  by  carbonate-rich  melts  (e.g. 
Rudnick  et  al.,  1993),  and  discoveries  of  carbonate  minerals  in  mantle  xenoliths.  Several 
investigators  have  interpreted  rounded  carbonate  minerals  (ocelli  or  globules)  in  xenoliths  in  terms 
of  immiscible  silicate  and  carbonate  liquids  (e.g.  Pyle  and  Haggerty,  1994).  The  carbonate-rich 
mantle  melts  have  also  been  related  to  proposed  primary  calciocarbonatite  magmas  (e.g.  Bailey, 
1993),  or  dolomitic  carbonatite  magmas  (Harmer  and  Gittins,  1997). 

The  only  way  known  to  bring  the  compositions  of  liquids  generated  from  mantle  minerals  into  the 
low-Si02  range  of  kimberlites  and  other  related  igneous  rocks  is  by  dissolving  C02  at  high 
pressures  (Eggler,  1974).  With  the  discovery  that  carbonated  lherzolite  melts  to  a  dolomitic 
carbonatite  liquid,  Wyllie  and  Huang  (1975)  provided  the  conceptual  framework  relating  kimberlite 
magmas  to  liquidus  paths  through  the  phase  fields  between  model  lherzolite,  and  carbonatite  liquids 
on  the  silicate-carbonate  field  boundary.  There  is  a  complex  array  of  depth-temperature- 
composition  paths  involving  magma  generation,  fluid  migration,  metasomatism,  and  explosive 
termination  of  rock-magma  reactions  associated  with  .the  evolution  of  dense  vapor  (Wyllie  and 
Huang,  1976),  and  the  prospect  of  silicate-carbonate  liquid  immiscibility  at  some  stage  (Lee  and 
Wyllie,  1997a).  These  paths  may  be  deduced  from  the  study  of  exposed  rocks,  but  they  must  be 
calibrated  by  experimental  petrology. 

The  key  phase  elements  illustrating  and  controlling  magmatic  processes  in  the  model  system  CaO- 
Mg0-Si02-C02  are:  (1)  the  silicate-carbonate  liquidus  field  boundaries  between  (2)  the  silicate 
liquidus  and  (3)  the  carbonate  (or  periclase)  liquidus;  and  (4)  the  vapor-absent  silicate  liquidus  field 
boundaries  involving  peridotite  minerals  which  connect  liquids  on  the  silicate -carbonate  field 
boundaries  to  the  C02-free  eutectics  and  peritectics.  With  addition  of  alkalis,  the  carbonate  liquidus 
field  extends  to  alkali  carbonates,  and  additional  phase  elements  are  introduced.  As  represented 
within  the  pseudoquatemary  system  Ca0-(Na20+K20)-(Mg0+Fe0)-(Si02+Al203)-C02,  these  are 

(5)  a  liquid  miscibility  gap  which  appears  within  the  silicate  liquidus  field,  bounded  by  a  surface 

(6) ,  which  gives  the  compositions  of  coexisting  silicate-C02  and  carbonate -rich  liquids. 

The  Silicate-carbonate  Liquidus  Field  Boundary:  Carbonatite  Liquid  Compositions 

The  near-solidus  magmas  generated  in  carbonated  (dolomite/magnesite)-peridotite  at  depths  greater 
than  ~70km  (2  GPa)  lie  on  the  silicate-carbonate  liquidus  field  boundary.  The  dolomitic  liquid 
composition  (~70%  CaC03)  determined  in  the  model  system  for  dolomite-lherzolite  at  ~3  GPa  was 
later  confirmed  by  analysis  of  quenched  liquids  in  experiments  with  whole  rock  lherzolite  systems 
(e.g.  Wallace  and  Green,  1988;  Thibault  et  al.,  1992;  Sweeney,  1994).  There  are  literature  claims 
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that  when  magnesite  replaces  subsolidus  dolomite  with  increasing  pressure,  liquid  compositions 
sweep  toward  higher  Mg,  kimberlitic  compositions;  however,  the  control  of  liquid  compositions 
by  the  liquidus  profile  for  CaC03-MgC03  (Irving  and  Wyllie,  1975)  ensures  that  this  change  does 
not  occur.  Dalton  and  Presnall  (1997)  have  confirmed  that  the  liquid  composition  remains 
dolomitic  to  at  least  7GPa,  even  when  the  subsolidus  carbonate  has  changed  to  magnesite. 

At  depths  shallower  than  ~70  km,  wehrlite  is  the  only  peridotite  which  can  be  carbonated  and  thus 
yield  carbonate-rich  magmas  (Wyllie  and  Huang,  1976).  At  this  limiting  depth,  the  near-solidus 
liquid  for  dolomite -lherzolite  and  dolomite-wehrlite  is  the  same,  about  60%CaCO3(CC)- 
30%MgC03(MC)-10%Silicate.  With  decreasing  pressure  from  depths  of  ~70  km  (2  GPa)  to  ~35 
km  (1  GPa),  the  near-solidus  liquid  coexisting  with  wehrlite-C02  changes  to  about  70%  CC- 
15%MC-15%Silicate,  as  located  by  our  new  experiments.  Dalton  and  Wood  (1993)  reported  liquids 
coexisting  with  model  wehrlite  at  1.5  GPa  approaching  90%CaCO3,  with  low  silicate  content;  we 
believe  that  their  analyses  of  quenched  liquids  differ  from  the  compositions  of  liquids  present 
during  the  experiments.  We  fmd  silicate-carbonate-boundary  liquids  with  silicate  contents  ranging 
from  about  10%  for  dolomitic  compositions  to  15%  for  more  CaC03-rich  compositions.  We  fmd 
no  evidence  for  the  existence  of  silicate-derived  liquids  with  90-99%  CaC03,  and  we  conclude  that 
the  calcite  ocelli  described  in  mantle  xenoliths  must  represent  rounded  crystals  and  not  quenched 
liquids  (Pyle  and  Haggerty,  1994;  Kogarko  et  al.,  1995;  Ionov  et  al.,  1996). 

The  Silicate-carbonate  Liquid  Miscibility  Gap 

This  is  a  "forbidden  volume"  for  magmas.  Under  normal  mantle  conditions  with  primitive 
(magnesian)  compositions,  magmatic  paths  between  ~70  and  35  km  depth  are  unlikely  to  intersect 
the  miscibility  gap  according  to  experiments  by  Baker  and  Wyllie  (1990)  and  Lee  and  Wyllie 
(1997b).  Increasing  K/Na  or  C02  may  enlarge  the  miscibility  gap  (personal  communication,  Brooker 
and  Holloway,  Kjarsgaard,  Ulmer).  Experimentally  determined  phase  boundaries  indicate  that 
immiscible  carbonatite  magmas  in  Mg-free  systems  contain  no  more  than  80%  CaC03,  and  at  least 
15%  (Na,K)2C03.  Calcite  ocelli  in  xenoliths  cannot  represent  immiscible  liquids. 

The  Carbonate  Liquidus 

The  carbonate  content  of  magmas  associated  with  silicate  parents  is  limited  by  the  position  of  the 
silicate -carbonate  liquidus  boundary.  The  liquidus  for  primary  carbonate  is  thus  another  "forbidden 
volume"  for  magmas. 

The  Vapor-absent  Silicate  Liquidus  Field  Boundaries 

The  carbonatite  magmas  generated  from  C02-bearing  peridotites  are  the  first  (lowest-temperature) 
part  of  a  continuum  of  small-volume  partial  melts  including  melilitites  and  kimberlites,  which 
follow  vapor-absent  liquidus  paths  from  the  silicate-carbonate  field  boundary  toward  the  volatile- 
free  model  peridotite  assemblages.  Host  rock  and  pressure  control  the  critical  variables  (1)  Ca/Mg 
of  liquid  as  f(T),  and  (2)  increase  in  %liquid  as  f(T).  For  the  lherzolite  assemblage,  Huang  and 
Wyllie  (1976),  Baker  and  Wyllie  (1989)  and  Moore  and  Wood  (1997)  determined  that  in  the  2-3 
GPa  range,  the  liquid  remains  carbonatitic  through  at  least  200°  C  above  the  solidus.  Dalton  and 
Presnall  (1997)  reported  that  at  7  GPa,  in  contrast,  only  a  small  increase  in  temperature  is  sufficient 
to  change  the  liquid  composition  all  the  way  from  carbonatite  to  kimberlitic.  The  phase 
relationships  in  model  systems  indicate  that  there  is  a  large  field  of  carbonatitic  liquid  coexisting 
with  peridotite  assemblages,  grading  with  increasing  temperature  into  more  silicate-rich  liquids; 
there  is  no  restricted  "carbonatite-liquid  stability  field"  limited  by  amphibole  breakdown. 
Estimated  positions  of  the  vapor-absent  liquidus  paths  for  harzburgite  in  our  diagrams  pass  through 
the  region  of  projected  kimberlites,  with  higher  Mg/Ca  than  the  "lherzolite"  liquidus  paths. 

Our  new  results  show  that  the  vapor-absent  fusion  path  for  wehrlite  at  1  GPa  has  significantly 
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higher  Ca/Mg  than  that  for  lherzolite.  The  compositions  of  Italian  carbonatite-melilitite  associations 
(Stoppa  and  Woolley,  1997)  project  into  this  region,  suggesting  that  their  origin  might  be  related 
to  shallow  wehrlite  mantle.  Other  melilitites  with  a  range  of  Ca/Mg  occupy  the  volume  between 
the  1  GPa  "wehrlite  path"  and  the  "lherzolite  path",  perhaps  related  to  wehrlite  mantle  at  depths 
between  70  and  35  km. 

Rising  carbonate- rich  melts 

Carbonate-rich  melts  with  compositions  on  the  lherzolite  vapor-absent  field  boundary  retaining 
equilibrium  with  mantle  will  react,  crystallize  and  release  C02  vapor  at  depths  ~70km,  precipitating 
lherzolite  with  relatively  high  clinopyroxene/olivine  ratio,  thus  causing  a  minor  transformation  of 
lherzolite  toward  wehrlite.  The  release  of  C02  could  facilitate  explosive  eruption  of  primary 
dolomitic  carbonatite  magmas,  with  intrusive  style  approximating  that  of  kimberlites.  At  shallower 
depths,  only  wehrlite  can  coexist  with  carbonatite  magma.  If  dolomitic  carbonatite  liquid  rising 
above  the  ~70km  level  metasomatizes  lherzolite  to  protective  wehrlite,  the  liquid  can  continue  to 
rise,  with  continuous  release  of  C02  vapor.  From  70  km  to  35  km  depth  (2-1  GPa),  the  CaC03 
component  of  the  liquid  near  the  solidus  increases  from  ~ 67 %  to  ~82 %  (reduced  in  real  rocks  by 
the  FeO  associated  with  the  dolomite  component),  and  the  silicate  component  increases.  This 
enrichment  in  CaC03  component  is  smaller,  through  a  greater  depth  interval,  than  that  proposed  by 
Dalton  and  Wood  (1993).  The  CaC03  component  of  the  liquid  is  also  reduced  according  to  how 
high  above  the  solidus  the  reaction  is  occurring. 

Critical  fluids  between  carbonatite  and  dense  aqueous  vapor 

The  simplest  interpretation  for  the  reported  inclusions  in  diamonds  with  compositions  ranging 
between  end -members  carbonatite  and  aqueous,  siliceous  fluid  (Schrauder  and  Navon,  1994)  is  that 
these  fluids  were  sampled  in  a  mantle  volume  somewhat  deeper  than  the  pressure  of  a  second 
critical  endpoint  on  the  solidus  for  peridotite-H20-C02  (Wyllie  and  Ryabchikov,  1997). 
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Introduction 

Navon  et  al.  (1988)  and  Schrauder  and  Navon  (1994)  reported  mantle  derived  fluid  compositions  from 
diamond  inclusions.  Compositions  of  mantle  fluids  are  characterized  by  high  abundance  of  H2O,  CO2, 
K2O  and  LREE  and  depletion  of  MgO,  those  are  broadly  similar  to  group  II  kimberlite  and  lamproite 
compositions.  These  mantle  fluids  might  play  important  roles  in  generation  of  kimberlite,  lamproite 
and  carbonatite  magmas.  In  this  paper,  we  report  the  melting  phase  relationships  of  aphanitic  group  II 
kimberlite  composition  up  to  9  GPa  and  melt  compositions  determined  using  aggregates  of  diamond 
grains  at  7  GPa  . 

Melting  experiment  of  aphanitic  group  II  kimberlite 

Melting  phase  relations  of  aphanitic  group  II  kimberlite  have  been  studied  in  the  pressure  up  to  9  GPa. 
The  starting  composition  chosen  for  this  study  is  group  II  aphanitic  kimberlite  ( 1 73/24/K 1 9/57)  from 
Makganyene  Mine,  South  Africa.  This  composition  is  characterized  by  higher  Si(>2,  K2O,  AI2O3  and 
Ba  than  the  average  group  I  kimberlite  composition  (Shee  et  al.,  1989).  Xco2  (C02/(C02+H20)  ratio) 
is  0.59.  A  multi-anvil  high  pressure  apparatus  at  Tohoku  University  and  a  1/2  inch  diameter  piston- 
cylinder  apparatus  at  Yokohama  National  University  were  used  for  the  experiments  above  4  GPa  and 
below  3  GPa  respectively.  All  experiments  were  carried  out  with  a  sealed  Pt  sample  capsule,  a  Pt/ 
PtRhlS  thermocouple  and  graphite  heater. 

The  liquidus  temperature  is  determined  about  1470°C  at  6  GPa  and  1520°C  at  8  GPa  (Fig.  1). 
Suprasolidus  phase  assemblage  at  1400°C  vanes  with  elevating  pressure  as;  Phi  +  Liq,  Phi  +  Cpx  + 
Liq,  Phi  +  Cpx  +  Opx  +  Liq,  Cpx  +  Opx  +  Gt  +  Liq,  Cpx  +  Gt  +  Liq.  Phlogopite  breakdowns  between 
1300-1400°C  and  6-7  GPa  by  the  reaction  Phi  +  Cpx  =  Gt  +  Liq.  Phlogopite  is  not  a  stable  phase  above 
6-7  GPa  at  1300-1400°C.  Neither  stable  K-bearing,  hydrate-,  nor  carbonate-crystalline  phase  were 
observed  in  the  run  products  above  7  GPa.  The  data  suggest  that  the  aphanitic  group  II  kimberlite 
magma  can  be  equilibrated  with  eclogitic  assemblage  above  6.5  GPa,  with  phlogopite-peridotitic 
assemblage  at  6.5-7  GPa  at  900°C. 

Determination  of  melt  composition 

Melt  compositions  in  the  run  products  at  relatively  low  temperatures  are  multiply  saturated  with  silicate 
phases.  Low  abundances  of  these  melt  phases  in  the  run  products  hamper  the  precise  determination  of 
their  composition  using  microprobe  analyses.  In  this  study,  an  attempt  was  made  to  separate  melt 
formed  by  partial  melting  of  kimberlite  into  pore  space  between  diamond  grains  at  high  pressures. 
Diamond  powder  (3  u  m  in  diameter)  was  packed  on  top  of  tightly  packed  kimberlite  powder  (the 
ratio  of  diamond  to  kimberlite  is  1 :2).  In  the  selected  run,  the  charges  were  loaded  in  graphite  capsules. 
The  graphite  capsule,  then  loaded  in  sealed  Pt  capsules. 

Melt  compositions  in  the  run  products  at  7  GPa  were  determined  by  analyzing  melt  phase  trapped 
in  interstitial  area  between  diamond  grain  (Table  1).  The  melts  analyzed  are  in  equilibrium  with  01  + 
Opx  +  Cpx  +  Phi  (phlogopite)  +  Ap  (apatite)  at  900°C,  and  Opx  +  Cpx  +  Gt  above  1 100°C  (Fig.  1). 
Run  products  were  polished  by  diamond  powder  without  a  water  and  analyzed  with  a  scanning 
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microprobe  (JEOL-JSM-5300)  with  Link  EDS  system.  Analytical  conditions  were  15  KV  accelerating 
voltage  and  120  x  90  u  m  spot  area. 

Chemical  characteristic  of  melt 

Melts  in  the  runs  at  7  GPa  are  extremely  enriched  in  K2O,  H2O  and  CO2  and  depleted  in  Si02  (Table.  1 ). 
The  analyses  indicate  that  SiC>2  and  AI2O3  in  melts  decrease  with  decreasing  temperature,  while  K2O 
in  melts  increases  with  decreasing  temperature.  No  P2C>5-bearing  crystalline  phase  exists  in  the  run 
products  above  1 100°C  but  in  the  run  at  900°C  apatite  is  a  stable  phase.  Based  on  mass  balance 
calculation,  we  estimate  proportion  of  melt  in  each  run  product  and  H2O  and  CO2  contents  in  the  melts 
at  various  temperatures  (Table  1). 

Composition  of  melts  in  this  study  are  broadly  similar  to  those  reported  from  diamond  inclusions 
by  Navon  et  al.  (1988)  and  Schrauder  and  Navon  (1994)(Fig.  2).  It  is  noted  that  dolomitic  melt  (Mg/ 
(Mg+Ca)  =  0.52)  coexists  with  a  phlogopite-bearing  peridotitic  assemblage  at  900°C  and  7  GPa.  This 
result  is  consistent  with  recent  melting  experimental  results  in  the  magnesite-diopside  system  (Arima 
and  Presnail,  1995),  and  those  in  the  CMASCO2  system  from  3. 0-7.0  GPa  (Dalton  and  Presnail,  1998). 
Melts  enriched  in  CO2,  K2O,  and  H2O  might  account  for  kimberlite-  and  lamproite-magma  genesis, 
diamond  growth  in  subcratonic  mantle,  and  mantle  metasomatism  near  asthenosphere-lithosphere 
boundary. 
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Table  1  Chemical  compositions  of  aphanitic  group  II 
kimberlite  and  melts  formed  by  partial  melting 


1 

2 

3 

4 

5 

Si02 

40.90 

3.34 

9.08 

28.79 

36.17 

Ti02 

1.00 

0.17 

2.24 

2.21 

1.22 

A1203 

5.28 

1.05 

0.89 

2.74 

4.88 

FeO 

8.43 

4.57 

4.44 

2.39 

6.72 

MnO 

0.24 

0.17 

0.00 

0.00 

0.00 

MgO 

18.44 

7.77 

10.93 

14.69 

13.31 

CaO 

9.37 

9.88 

7.05 

8.70 

6.89 

Na20 

1.22 

3.16 

1.94 

0.71 

1.26 

K20 

5.92 

28.09 

29.16 

11.15 

9.34 

P205 

1.09 

0.40 

3.79 

3.11 

2.26 

BaO 

0.40 

0.40 

0.82 

C02* 

6.70 

31.79 

23.33 

19.14 

13.92 

H20* 

1.94 

9.21 

6.75 

5.54 

4.03 

total 

100.53 

100 

100 

100 

100 

1 .  Aphanitic  group  II  kimberlite  used  as  starting  material. 

2.  100  %  normalized  melt  formed  at  900  °C  (Apdia-13**) 

3.  100  %  normalized  melt  formed  at  1 100  °C  (Apdia-9**) 

4.  100  %  normalized  melt  formed  at  1300  °C  (Apdia-1) 

5.  100  %  normalized  melt  formed  at  1350  °C  (Apdia-7**) 
*  C02  and  H20  ca Iculated  by  K20  or  P205 

**  2, 3  and  5  were  used  Pt  and  graphite  double  capsule 


100 


Compositional  endmember  of  hydrous  fluid  in  Botswanan  diamond  (Schrauder  and  Navon,  1994) 
Compositional  endmember  of  carbonatitic  fluid  in  Botswanan  diamond  (Schrauder  and  Navon,  1994) 
Average  composition  of  diamond  inclusion  fluid  (Navon  at  al  .,  1988) 

Apdia-13  (900  O 
Apdia-9  (1 100  °C) 

Apdia-1  (1300*0 
Apdia-7  (1350  °C) 


Fig.2  0xides/Al203  ration  in  the  melts. 
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Trace  Elements  in  Chromites  from  Kimberlites  and  Related  Rocks: 
Relation  to  Temperature  and  Mantle  Composition 


Yao,  S.1,  Griffin,  W.L.1'2  and  O'Reilly,  S.Y.1 

1.  GEMOC  National  Key  Centre,,  School  of  Earth  Sciences,  Macquarie  University,  NSW  2109,  Australia 

2.  CSIRO  Exploration  and  Mining,  P.O.  Box  136,  N.  Ryde,  NSW  2113,  Australia 

Since  the  work  of  Irvine  (1965,  1967),  the  use  of  chromite  as  a  petrogenetic  indicator  has  been 
extensively  studied.  However,  most  of  the  investigations  were  focused  on  chromites  in  Alpine-type 
peridotites,  chromitites  associated  with  ophiolite  suites,  and  chromites  from  komatiites  and  other 
ultramafic  volcanic  rocks.  Fewer  studies  have  focused  on  chromites  from  kimberlites  and  related 
rocks.  Furthermore,  former  studies  were  mainly  based  on  major  elements  in  chromites.  This  study 
aims  to  use  trace  elements  in  chromites  from  kimberlites  and  related  rocks  to  examine  mantle 
processes. 

About  1500  chromites  from  47  kimberlite,  lamproite  and  lamprophyre  localities  world-wide  have 
been  analysed  to  determine  their  major  and  trace  element  contents  by  using  electron  microprobe  and 
laser  ablation  microprobe  ICP-MS,  respectively,  in  the  GEMOC  National  Key  Centre  at  Macquarie 
University.  Chromites  analysed  are  heavy  mineral  concentrates  embedded  in  epoxy  resin  and  polished 
and  their  sizes  are  typically  0.5-1  mm  in  diameter,  with  a  few  larger  than  1  mm.  Chemical 
compositions  reported  here  represent  analyses  of  the  cores  of  grains.  Chromites  from  xenoliths  have 
been  analysed  in-situ  using  thick  polished  sections. 

Irvine  (1967)  and  many  other  authors  pointed  out  that  chromites  in  ultramafic  volcanic  rocks 
crystallise  in  the  early  stage  of  magmatic  crystallisation.  By  comparison  of  chemical  compositions  of 
chromite  macrocrysts  and  chromites  in  mantle-derived  xenoliths  in  kimberlites,  Schulze  (1996) 
concluded  that  all  chromites  in  southern  African  kimberlites  are  xenocrysts  derived  by  disaggregation 
of  mantle  peridotites.  Regardless  of  their  origin,  chromites  in  kimberlites,  lamproites  and 
lamprophyres  are  believed  to  be  equilibrated  with  mantle  olivine  because  these  rocks  are  directly 
mantle-derived. 

There  are  some  good  inter-element  correlations  observed  in  chromites  from  kimberlites  and  related 
rocks.  As  shown  in  Fig.l,  all  chromites  show  a  positive  correlation  between  Co  and  Zn  and  negative 
correlation  between  Co  and  Ni.  A  negative  correlation  also  exists  between  Zn  and  Ni  (not  shown). 
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Fig.  1.  Co-Zn-Ni  relationships  in  mantle-derived  chromites. 
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Some  analyses  of  Cr-spinel  (low  Cr)  in  xenoliths  from  Nushan  alkaline  basalt,  southeastern  China 
and  chromites  in  xenoliths  from  Wesselton  kimberlite.  South  Africa  show  the  same  correlations, 
within  single  suites  (Fig.  1).  This  implies  that  most  chromite  macrocrysts  in  kimberlites  and  related 
rocks  are  xenocrysts  derived  by  disaggregation  of  mantle  peridotites  and  captured  by  magmas 
ascending  through  the  mantle  sections.  Those  scattered  off  the  main  trends  are  believed  to  be 
magmatic  or  modified  (metasomatised  or  metamorphosed)  chromites.  Chromites  along  the  trends  are 
defined  as  a  "Mantle  Array",  which  represents  chromites  equilibrated  with  mantle  olivine. 

Zn  contents  are  temperature-dependent  (Griffin  et  al.,  1994;  Ryan  et  al.,  1996),  and  Co  shows  a 
good  correlation  with  Tzn  CO  derived  from  Zn  composition,  therefore  suggesting  the  Mantle  Array  is 
controlled  by  temperature.  The  overall  negative  correlation  of  Ni  with  Zn  indicates  that  Ni  contents  in 
chromites  are  also  controlled  by  temperature.  The  behaviour  of  Mantle  Array  chromites  is  attributed  to 
the  partitioning  of  these  elements  between  chromite  and  mantle  olivine,  which  serves  as  a  reservoir  of 
these  elements.  Generally,  the  Mantle  Array  chromites  can  be  defined  on  3  axes:  Zn,  Co  and  Ni. 

If  most  chromites  in  kimberlites  and  related  rocks  are  xenocrysts  from  mantle  rocks  and  have 
equilibrated  with  mantle  olivine,  the  chemical  composition  of  these  chromites  should  record  mantle 
composition  as  well  as  temperature.  In  order  to  test  whether  chromites  record  differences  in  the 
chemical  composition  of  the  lithosphere  related  to  age  or  tectonic  position,  we  have  classified  the 
localities  according  to  the  age  of  the  last  tectonothermal  modification  of  the  crust  through  which  these 
kimberlites  and  related  rocks  penetrated,  using  a  version  of  the  scheme  proposed  by  Janse  (1984). 
“Archon”  represents  a  craton  stablised  in  Archean  time  with  latest  crustal  modification  >2.5  Ga. 
“Protons”  are  cratons  with  latest  crustal  modification  before  1000  Ma.  “Tectons”  are  basically 
younger  tectonic  units,  mainly  Phanerozoic  in  age. 
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Figure  2.  Ga  vs  V  in  Mantle-Array  chromites 


The  trace  elements  of  mantle-array  chromites  show  differences  among  different  tectonic 
environments.  Chromites  from  Archons  contain  significantly  higher  V  than  those  from  Protons  and 
Tectons,  and  chromites  from  Tectons  have  relatively  higher  Ga  than  those  from  Protons  although  they 
have  similar  V  contents  (Fig.  2).  Ga  is  positively  correlated  with  Al#,  and  the  higher  Al  and  Ga  in 
Tecton  chromites  reflects  the  enrichment  of  Phanerzoic  mantle  in  Al  relative  to  Proterozoic  and 
Archean  mantles.  The  higher  V  in  Archon  chromites  correlates  positively  with  Cr#,  which  is  an 
indicator  of  the  degree  of  depletion  of  the  mantle.  Chromites  from  Archons  tend  to  have  high  Nb  and 
Nb/Zr,  while  those  from  Protons  show  a  much  greater  spread  in  Zr  contents  and  Nb/Zr  (Fig.  3). 
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Chromites  from  Tecton  environments,  and  all  chromites  from  lamprophyres,  tend  to  have  low  Nb  and 
Zr.  These  differences  may  be  related  to  time-integrated  differences  in  metasomatic  style,  related  to 
tectonic  setting;  chromites  from  xenoliths  in  the  Wesselton  kimberlite  (S.  Africa)  have  high  Nb 
contents  which  can  be  related  to  observed  phlogopite-related  metasomatism. 
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Figure  3.  Nb  vs  Zr  in  Mantle-Array  chromites 
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Phase  relations  of  carbonated  eclogite  under  upper  mantle  PT  conditions  - 
implications  for  carbonatite  petrogenesis 

Gregory  M.  Yaxley1  and  David  H.  Green1 

1.  Research  School  of  Earth  Science,  The  Australian  National  University,  Canberra,  ACT  0200,  Australia 

Introduction 

It  has  been  suggested  that  carbonated  eclogite  could  act  as  an  upper  mantle  source  for  some  crustally 
emplaced  carbonatites  (Treiman  and  Essene  1983;  Nelson  et  al.  1988).  Relative  to  mid-ocean  ridge 
basalts,  carbonatites  have  low  8Nd,  high  x7Sr/X6Sr,  and  radiogenic Pb-isotopes,  and  are  similar  to  ocean 
island  basalts  (OEBs)  (Nelson  et  al.  1988).  These  characteristics  have  been  linked  to  the  emplacement  of 
previously  subducted  oceanic  lithosphere  into  the  source  regions  of  OIBs  and  carbonatites,  after  long 
term  storage  (1-2  Ga)  in  the  mantle  (Hofmann  and  White  1982;  Nelson  et  al.  1988;  Hofmann  1997). 

Yaxley  and  Green  (1994)  demonstrated  experimentally  that  during  subduction  of  carbonate-bearing 
garnet  amphibolite  and  eclogite  (modelling  altered  oceanic  crust),  carbonate  behaves  as  a  residual, 
refractory  phase  forming  part  of  an  eclogitic  residue  in  equilibrium  with  hydrous,  highly  siliceous  partial 
melts  (rhyodacites  to  dacites).  Thus,  if  carbonate  is  a  constituent  of  altered  oceanic  basalt,  it  is  likely  to 
survive  subduction  into  the  upper  mantle  without  melting  or  decarbonation,  although  it  is  also  sensitive 
to  reduction  to  graphite  or  diamond. 

However,  the  high  pressure  behaviour  of  residual  carbonate  in  residual  anhydrous  eclogite  from  which  a 
highly  siliceous  melt  fraction  was  extracted  during  a  previous  episode  of  subduction,  is  currently 
inadequately  constrained  by  experiment.  Carbonate  in  many  basaltic  compositions  will  crystallise  at 
high  pressures  as  calcite-dolomite  solid  solution  [(cc-dol)ss]  (Yaxley  and  Green  1974).  Irving  and  Wyllie 
(1975)  have  demonstrated  the  presence  of  a  minimum  melt  on  the  CaC03-CaMg(C03)2  join,  and  the 
locus  of  these  minimum  melts  in  PT-space  lies  very  close  to  the  soldii  of  typical  oceanic  basalt 
compositions  (eg,  Green  1982;  Yaxley  and  Green  submitted).  The  presence  of  FeO  and  Na20  in  natural 
compositions  is  expected  to  lower  the  temperature  of  minimum  melting  of  (cc-dol)ss  to  below  that  of  the 
basalt  solidus.  Coupled  with  the  fact  that  refractory  residual  basalt  compositions,  which  crystallise 
quartz-  or  coesite-free  eclogite  at  high  pressures,  are  likely  to  have  higher  solidus  temperatures  than 
typical  oceanic  basalt  compositions,  there  is  the  possibility  of  a  high  pressure  field  for  carbonatite  melt 
in  equilibrium  with  ga  +  cpx,  at  temperatures  below  the  silicate  solidus.  Accordingly,  we  have  examined 
the  high  pressure  phase  relations  of  a  carbonate-bearing  composition  (EC1)  chosen  to  crystallise  garnet 
(ga)  +  clinopyroxene  (cpx)+  calcite-dolomite  solid  solution  (but  not  free  Si02),  under  eclogite  facies  PT 
conditions. 

Experimental  techniques 

Composition  EC1  contained  30.1  wt%  Si02,  11.7  wt%  A1203,  19  4  wt%  CaO,  12.4  wt%  MgO,  10.1 
wt%  FeO,  0.9  wt%  Na20  and  15.4  wt%  C02.  A  starting  mix  with  this  composition  was  made  from 
sintered  oxides  and  carbonates.  FeO  was  added  as  synthetic  fayalite.  The  EC1  mix  was  encapsulated  in 
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graphite-lined  Pt  capsules.  Runs  were  conducted  at  3.5  GPa  in  a  standard  V2”  piston  cylinder 
apparatus,  using  NaCl-pyrex  sleeves  and  a  graphite  heater. 

Experimental  Results 

At  P=3.5  GPa  and  T<1215°C,  EC1  crystallised  sub-solidus  assemblages  of  ga  +  cpx  +  (cc-dol)ss.  At 
1250  and  1275°C  super-solidus  assemblages  of  ga  +  cpx  +  (cc-dol)ss  +  carbonate  melt  formed  At 
1300°C,  carbonate  liquid  co-existed  with  ga  +  cpx  residue. 

With  increasing  temperature,  the  mole  fraction  of  cal  cite  increased  at  the  expense  of  the  mole  fraction  of 
dolomite  in  unmelted  carbonate,  and  the  mole  fraction  of  pyrope  increased  at  the  expense  of  grossular  in 
garnet.  For  example,  carbonate  crystallised  at  1000°C  had  the  composition  CC57Mag35Sid8  and  co¬ 
existed  with  garnet  with  composition  Gr28Py42Alm30.  Carbonate  crystallised  at  1275°C  had  the 
composition  CC86Magi2Sid2,  and  co-existed  with  garnet  with  composition  Gr22Py51Alm27.  Ca/Mg 
values  for  cpx’s  did  not  vary  systematically  with  temperature. 

Carbonate  melts  exhibited  clear  quench  textures,  and  a  strong  tendency  to  segregate  from  the  ga  +  cpx  ± 
carbonate  residues  and  form  a  layer  at  the  top  of  the  capsule  during  the  run.  These  melts  were  calcio- 
dolomitic  compositions,  and  contained  3-4  wt%  Si02,  0. 4-1.0  wt%  A1203,  and  about  65  mol%  calcite, 
25  mol%  magnesite  and  10  mol%  siderite.  Na20-contents  in  the  carbonate  melts  varied  from  2.8  to  1.6 
wt%  with  increasing  temperature  from  1250  -  1300°C.  Partition  coefficients  for  Na  between  cpx  and 
melt  (cpx/melt)  were  =0.2  at  1250  and  1275°C.  Mg#’s  [atomic  Mg/(Mg+XFe)]  of  the  carbonate  melts 
varied  from  68.3  -  73.3,  and  were  similar  to  the  Mg#  of  EC1  (68.8). 

Discussion 

A  new  and  significant  result  of  this  reconnaisance  experimental  study  is  that  carbonated  eclogitecan 
yield  carbonatite  melts  at  temperatures  below  the  eclogite’s  silicate  solidus  This  supports  suggestions 
based  on  trace  element  abundances  and  isotopic  compositions  of  carbonatites  (eg,  Nelson  el  a/.  1988) 
that  ancient,  recycled,  altered  (carbonate-bearing) oceanic  crust  is  a  potential  source  for  some  crustally 
emplaced  carbonatites. 

For  composition  EC  1 ,  carbonatite  melt  can  form  at  3 . 5  GPa  at  between  1215  and  1 250°C,  temperatures 
well  above  the  carbonate  solidus  for  pyrolite  +  C02  (Falloon  and  Green  1990).  If  ambient  / 02  is 
sufficiently  high  to  stabilise  carbonate,  carbonatite  melt  derived  from  high  pressure  partial  melting  of  a 
discrete  body  of  carbonated  eclogitein  the  peridotitic  upper  mantle,  could  rapidly  segregate  from  the 
eclogitic source  at  low  melt  fractions,  and  percolate  into  the  surrounding  peridotite.  The  melt  will  re¬ 
equilibrate  with  peridotitic  phases,  forming  sodic  dolomitic  carbonatite  melt,  with  increased  Mg#  (up  to 
~85)  (fib,  this  behaviour  contrasts  with  that  exhibited  by  low  degree,  highly  siliceous  melts  of  eclogite 
[dacites],  which  react  out  of  existence  with  peridotite  wall-rock,  essentially  by  replacing  olivine  with 
enstatite  [Yaxley  and  Green,  submit  tec/]). 

The  carbonate  melt  will  continue  to  percolate  upwards  until  it  intersects  the  reaction  opx  +  dol  =  cpx  + 
ol  +  C02  at  around  2.0  GPa,  whereupon  decarbonation  reactions  will  result  in  replacement  of  peridotitic 
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aluminous  enstatite  with  sodic  clinopyroxene,  driving  lherzolitic  or  harzburgitic  lithosphere  towards 
magnesian  wehrlite  (Green  and  Wallace  1988)  This  metasomatic  style  has  been  extensively  documented 
in  some  spinel  peridotite  xenoliths  (eg;  Yaxley  el  al.  1991;  Rudnick  et  al  1993).  Continued  influx  of 
metasomatising  carbonatite  could  armour  lithospheric  wall  rock  with  wehrlitic  material,  preventing 
further  reaction,  and  allowing  access  of  carbonatites  to  shallower  depths,  and  leading  ultimately  to 
crustal  emplacement  (Dalton  and  Wood  1993;  Sweeney  et  al.  1995) 

Eclogite  compositions  with  higher Na20  and  FeO  contents  than  ECl  are  expected  to  have  carbonate 
solidii  at  lower  temperatures  than  ECl.  Future  experimental  studies  will  be  aimed  at  more  completely 
delineating  the  PT  fields  for,  and  compositions  of,  carbonatite  melts  in  equilibrium  with  ECl  and  other 
eclogitic  compositions  (varying  Ca/Mg  values,  Na  and/or  Fe  abundances,  for  example). 
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Ilmenite/liquid  partition  coefficients  of  26  trace  elements  determined  through 
ilmenite/clinopyroxene  partitioning  in  garnet  pyroxenites 

T.Zack1,2  and  R.Brumm1 

1  Mineralogisch-Petrologisches  Institut,  Universitat  Gottingen,  Goldschmidtstr.  1 ,  37077  Gottingen,  Germany 

2  Dept.  Earth  Sciences,  Memorial  University  of  Newfoundland,  St.John’s,  Newfoundland  A1B  3X5,  Canada 

A  knowledge  of  element  partitioning  (DMin/L)  for  as  many  trace  elements  as  possible  in  all  mantle 
relevant  mineral  phases  is  one  prerequisite  to  a  quantitative  understanding  of  magmatic  processes. 
Much  effort  is  spent  for  this  goal  in  determining  these  key  parameters  by  conducting  experimental 
studies.  This  is  the  most  reliable  approach  but  nevertheless  time  consuming  and  sometimes 
problematic  in  combing  results  from  different  studies. 

An  alternative  is  to  measure  mineral/mineral  partitioning  values  in  equilibrium  parageneses  of 
natural  rocks  where  the  D-values  of  one  mineral  phase  are  well  known  and  the  other  phase  partly  or 
completely  unknown.  The  in-situ  measurement  of  the  trace  element  contents  by  Laser-Ablation- 
ICP-MS  (LAM)  in  the  mineral  phases  is  an  ideal  way  to  approach  this  problem.  This  method  has 
been  described  in  detail  and  successfully  tested  by  Zack  et  al.  (1997). 

Ilmenite  occurs  in  most  magmatic  systems  only  as  an  accessory  phase.  Nevertheless,  there  are  a  few 
exceptions  where  it  plays  an  important  role,  e.g.  it  is  abundant  in  many  garnet  pyroxenite  xenoliths, 
in  MARID  xenoliths,  as  ilmenite  megacry sts  in  kimberlites,  and  as  ilmenite  bearing  cumulates 
involved  in  the  generation  of  high-Ti  mare  basalts  on  the  moon.  Here,  we  present  data  from  two 
garnet  pyroxenite  localities. 

Despite  the  widespread  occurrence  of  ilmenite  a  consistent  multielement  Dnm/L  set  (HFSE,  LILE, 
REE,  transition  elements)  is  lacking  and  compilations  of  databases  used  for  geochemical  modelling 
have  to  rely  on  interpolations  and  estimations.  Therefore,  we  have  measured  the  trace  element 
contents  of  five  ilmenite/clinopyroxene  pairs  from  Bayuda,  Sudan  (C59,  C42)  and  Kakanui,  New 
Zealand  (K2b,  K4,  K7)  with  LAM.  These  partitioning  values  can  be  combined  with  experimentally 
determined  Dcpx/l  values,  so  that  the  derivation  of  Dnm/L  values  is  straightforward  (Table  1,  Fig.l). 
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Table  1.  Major  elements  (in  %)  are  measured  with  EMP  and  trace  elements  (in  ppm)  with  LAM.  Ti02  is  used  as  an 
internal  standard  for  all  LAM  analyses.  DCpx/L  values  are  taken  from  experimental  studies  as  outlined  from  Zack  et  al. 
(1997).  Dum/L  was  derived  according  to  the  formula  Dnm/L  =  Dllm/Cpx  *  DCpx/L- 


C59 

Clinopyroxene 

C42  K2b 

K.4 

K.7 

C59 

C42 

Ilmenite 

K2b 

K.4 

K7 

Dcpx/L 

Pllm/Cpx 

D||m/L 

Si02 

49.21 

48.82 

48.08 

48.10 

48.43 

0.02 

0.01 

0.04 

0.01 

0.01 

Ti02 

1.62 

1.36 

1.91 

1.81 

1.81 

42.55 

43.89 

51.71 

51.81 

51.20 

0.38 

29 

11 

A1203 

8.73 

8.06 

8.91 

9.50 

8.93 

1.13 

0.86 

0.85 

0.67 

0.65 

Cr203 

0.01 

0.02 

0.02 

0.02 

0.01 

0.04 

0.04 

0.05 

0.03 

0.03 

FeO 

6.43 

6.05 

7.38 

7.55 

8.30 

49.42 

45.96 

37.50 

38.25 

39.24 

MnO 

0.05 

0.03 

0.06 

0.07 

0.11 

0.14 

0.20 

0.13 

0.17 

0.17 

MgO 

11.82 

11.61 

12.51 

11.77 

11.44 

4.52 

5.17 

7.94 

7.31 

6.93 

CaO 

19.75 

21.28 

17.99 

19.24 

17.02 

0.02 

0.04 

0.03 

0.03 

0.03 

Na20 

1.82 

1.56 

1.86 

1.98 

2.36 

0.01 

0.02 

0.01 

0.03 

0.01 

Total 

99.44 

98.80 

98.72 

100.04 

98.41 

97.86 

96.19 

98.27 

98.29 

98.28 

Ba 

0.085 

<0.02 

0.030 

0.029 

0.034 

<0.28 

0.051 

0.014 

<0.03 

<0.03 

0.0007 

0.49 

0.00034 

Th 

0.19 

0.12 

0.27 

0.35 

0.10 

<0.06 

<0.03 

<0.03 

<0.01 

0.0048 

0.012 

0.046 

0.00055 

U 

0.043 

0.029 

0.062 

0.12 

0.042 

0.061 

0.030 

0.031 

0.081 

0.014 

0.0103 

0.79 

0.0082 

Nb 

0.27 

0.11 

0.32 

0.35 

0.50 

50.9 

37.9 

86.5 

78.2 

130.7 

0.0077 

258 

2.0 

Ta 

0.059 

0.049 

0.055 

0.046 

0.078 

3.32 

3.32 

6.26 

4.98 

7.96 

0.019 

90 

1.7 

La 

4.52 

3.10 

3.50 

4.79 

3.16 

<0.02 

0.0017 

<0.01 

<0.01 

<0.01 

0.0536 

0.00054 

0.000029 

Ce 

20.2 

15.6 

9.89 

13.1 

10.6 

0.0081 

0.016 

<0.01 

0.0056 

0.01 

0.0858 

0.00063 

0.000054 

Pr 

3.32 

2.74 

1.66 

1.87 

1.73 

<0.01 

0.0033 

<0.01 

<0.01 

0.0025 

0.14 

0.0013 

0.00019 

Nd 

18.4 

15.3 

10.0 

9.36 

10.3 

<0.18 

0.068 

0.010 

0.014 

0.034 

0.1873 

0.0026 

0.00048 

Sm 

5.83 

4.58 

3.74 

2.97 

3.45 

<0.11 

<0.05 

0.012 

0.007 

0.0022 

0.291 

0.0020 

0.00059 

Zr 

62.3 

46.9 

52.1 

54.8 

60.1 

143 

143 

109 

131 

112 

0.1234 

2.34 

0.29 

Hf 

2.48 

2.09 

1.96 

1.88 

2.07 

3.87 

4.22 

2.46 

2.74 

2.28 

0.256 

1.48 

0.38 

Eu 

2.59 

1.96 

1.38 

1.13 

1.40 

<0.03 

0.0065 

0.0077 

0.0023 

0.0048 

0.32 

0.0036 

0.0011 

Gd 

4.55 

3.48 

3.45 

2.54 

3.33 

<0.13 

<0.07 

<0.10 

<0.02 

0.028 

0.4 

0.0085 

0.0034 

Tb 

0.59 

0.45 

0.48 

0.32 

0.50 

<0.05 

<0.01 

0.0086 

0.0054 

0.0063 

0.420 

0.016 

0.0067 

Dy 

2.50 

1.92 

2.01 

1.15 

2.17 

<0.09 

<0.04 

<0.07 

0.022 

0.053 

0.442 

0.022 

0.010 

Ho 

0.30 

0.22 

0.27 

0.14 

0.33 

<0.02 

<0.01 

0.0022 

0.011 

0.467 

0.024 

0.011 

Tm 

0.050 

0.029 

0.035 

0.011 

0.062 

<0.03 

<0.01 

0.0065 

0.0029 

<0.01 

0.449 

0.22 

0.10 

Yb 

0.18 

0.12 

0.14 

0.070 

0.31 

<0.14 

0.082 

<0.04 

0.025 

0.050 

0.430 

0.40 

0.17 

Lu 

0.020 

0.010 

0.013 

0.0044 

0.033 

<0.03 

<0.04 

<0.02 

<0.02 

0.0064 

0.433 

0.19 

0.084 

Sc 

50.9 

38.8 

16.8 

13.9 

25.4 

13.5 

14.2 

11.0 

6.2 

12.3 

1.31 

0.44 

0.58 

V 

586 

508 

377 

390 

357 

2871 

2735 

1231 

988 

815 

3.1 

4 

11 

Co 

28.8 

28.7 

51.4 

45.5 

46.5 

159 

154 

238 

240 

214 

0.38 

5.1 

1.9 

Cu 

10.4 

7.4 

7.3 

6.5 

6.4 

10.7 

14.7 

14.7 

16.7 

21.3 

0.36 

2.19 

0.79 

Zn 

28.7 

25.6 

35.6 

72.6 

79.2 

132 

181 

299 

430 

319 

0.5 

6.0 

3.0 

Ga 

13.6 

12.7 

20.1 

25.6 

21.4 

7.5 

9.8 

10.8 

11.8 

7.7 

0.74 

0.54 

0.40 

Garnet  pyroxenites  from  Bayuda,  Sudan,  and  Kakanui,  New  Zealand 
The  investigated  ilmenite  bearing  garnet  pyroxenites  occur  in  the  xenolith  suites  of  the  alkaline 
volcanic  centers  from  Bayuda,  Sudan  and  Kakanui,  New  Zealand.  The  parageneses  consist  of 
garnet,  clinopyroxene,  amphibole  and  up  to  20  modal  %  of  spinel  and  ilmenite.  Textural  features 
(triple  junctions)  and  exceptional  major  element  homogeneity  are  evidence  for  equilibrium 
conditions,  making  them  prime  candidates  for  this  type  of  studies.  Despite  similar  PT-conditions 
(ca.  17  kbar,  930°C;  Brumm  et  al.,  1996,  Zack  et  al.,  1997)  the  two  localities  are  distinguishable  in 
different  Fe3+  contents,  resulting  in  a  remarkably  higher  hematite  component  in  the  Bayuda 
ilmenites  relative  to  the  ilmenites  from  Kakanui  (17-20%  and  5-6%  respectively).  In  contrast  the 
clinopyroxenes  show  only  a  small  variation  between  the  two  localities  (Mg#  77  vs.  71-75,  CaTs  10- 
1 1  vs.  9-14%  respectively).  This  allows  evaluation  of  the  influence  of  one  crystal  chemical  variable 
in  the  ilmenite  structure  on  partition  coefficients. 
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Results 

REE:  The  Dnm/L  values  for  the  middle  to  heavy  REE  compare  well  with  the  experimental  studies  of 
Nakamura  et  al.  (1986,  for  Eu,  Dy  and  Lu)  and  McKay  et  al.  (1986,  for  Gd  and  Lu).  In  contrast  the 
values  from  La  to  Sm  deviate  considerably  from  the  experimentally  determined  data  of  Nakamura 
et  al.  (1986)  and  Nielsen  et  al.  (1992),  which  may  be  due  to  problems  with  detection  limits  or 
contamination  in  the  earlier  studies  in  measuring  very  low  partition  coefficients.  The  extremely  low 
Djim/L  values  for  the  LREE  are  much  better  in  agreement  to  crystal  site  size  and  bulk  modulus 
considerations  where  the  REE  are  accommodated  on  the  (Fe,  Mg)  site  similar  to  the  behavior  of 
REE  in  olivine  (Beattie  et  al.,  1994). 

HFSE:  Experimental  partition  coefficients  for  Zr  and  Hf  (0.33  and  0.41;  McKay  et  al.,  1986; 
Nakamura  et  al.,  1986)  are  in  perfect  agreement  with  the  values  derived  in  this  study  (0.29  and 
0.38).  It  must  be  stressed  that  the  influence  of  ilmenite  may  fractionate  the  Zr/Hf  ratio  as  effectively 
as  clinopyroxene  due  to  the  higher  Dnm/L  despite  the  smaller  difference  in  Dzr  and  Dnf(see  Table  1). 
Nb  and  Ta  partition  coefficients  in  this  study  (2.0  and  1.7)  agree  closely  with  the  results  of  Green  & 
Pearson  (1987)  of  2.3  and  2.7,  respectively.  This  points  to  a  moderately  compatible  behavior  of 
these  elements  in  ilmenite,  in  contrast  to  the  results  of  McCallum  &  Charette  (1978,  0.8  for  Nb). 
The  difference  of  Dnm/L  for  Nb  and  Ta  in  our  study  is  not  significant,  given  the  variability  from 
measurements  of  the  different  samples  due  to  very  low  concentrations  of  Ta  in  clinopyroxene. 
Transition  elements:  There  are  currently  no  experimental  determinations  of  Dh^l  values  for  the 
transition  elements  for  comparison  with  our  results.  Crystal  site  size  considerations  can  also  not  be 
used  to  evaluate  our  data,  suggesting  that  crystal  field  effects  play  an  important  role  for  these 
elements  (Beattie  et  al.,  1994).  The  elements  Sc,  V,  Co,  Cu,  Zn  and  Ga  have  ilmenite/clinopyroxene 
ratios  not  far  removed  from  1 ,  in  agreement  with  the  assumptions  that  these  elements  will  partition 
into  the  (Fe,Mg)  site,  which  is  possible  both  in  ilmenite  and  clinopyroxene.  Nevertheless,  it  is 
noteworthy  that  divalent  transition  elements  (Co,  Cu,  Zn)  have  ilmenite/clinopyroxene  ratios  of  >1, 
whereas  tri valent  elements  (Sc,  Ga)  have  ratios  of  <1. 

The  large  difference  of  the  hematite  content  between  the  Bayuda  and  Kakanui  ilmenites 
surprisingly  do  not  result  in  consistently  different  Dnm/L  values.  Calculated  values  for  U  and  Hf  are 
slightly  higher  in  the  Bayuda  suite  than  in  the  Kakanui  suite  (0.01 1-0.015  vs  0.004-0.007  and  0.40- 
0.52  vs  0.28-0.37,  respectively),  values  for  Ta  are  slightly  lower  (1.1 -1.3  vs.  1. 9-2.1),  but  for  Nb 
and  Zr  they  are  in  the  same  range  in  both  suites.  Since  all  these  elements  should  be  similarly 
accommodated  in  the  Ti  site  in  ilmenite,  and  since  this  site  is  different  in  Bayuda  and  Kakanui 
ilmenites,  we  feel  that  the  partitioning  behavior  of  ilmenites  is  not  strongly  dependent  on  the 
hematite  content,  at  least  not  in  the  range  we  investigated  (8-22%). 
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Precise  emplacement  ages  of  individual  diatremes  are  needed  to  unravel  the  extended 
geochemical  and  tectonic  history  of  many  kimberlite  provinces.  Two  decades  ago  Davis  et  al. 
(1976)  and  Davis  (1977)  established  the  usefulness  of  zircon  in  defining  the  eruptive  ages  of 
Cretaceous  and  Early  Tertiary  kimberlites  on  and  peripheral  to  the  southern  African  Kaapvaal 
Craton.  Their  ability  to  date  zircon  of  presumed  mantle  origin,  which  was  significantly  lower 
in  U  and  radiogenic  Pb  content  than  the  crustal  zircon  previously  analyzed,  was  attributable  to 
improvements  in  the  purification  of  chemical  reagents  and  to  the  development  of  a 
hydrothermal  method  of  sample  digestion  (Krogh,  1973).  Nevertheless,  at  that  time  when  even 
the  improved  chemistry  Pb  blank  was  still  of  the  order  of  100  pg,  only  the  206Pb/238U  ages 
could  be  calculated  with  sufficient  radiogenic  Pb  enrichment  to  be  given  a  ±1.5%  uncertainty. 
More  recently,  both  conventional  (Scharer  et  al.,  1997)  and  ion  microprobe  (Kinny  et  al.,  1989) 
mass  spectrometry  have  been  employed  to  investigate  in  some  detail  the  U-Pb  isotopic 
systematics  of  kimberlite  zircon  from  specific  localities,  but  in  both  cases  zircon  with  either 
older  ages  or  higher  U  contents  than  reported  here  were  involved. 

The  present  study  evaluates  the  U-Th-Pb  dating  of  zircon  with  especially  low  U  content 
(3-14  ppm)  and  relatively  young  age  (~90  Ma)  from  the  Monastery  kimberlite,  Free  State, 
South  Africa.  Previously,  Davis  et  al.  (1976)  had  reported  a  206Pb/238U  age  of  90.4  Ma  and 
a  U  content  of  6.1  ppm— the  lowest  encountered  from  southern  African  localities— for  a  single 
Monastery  zircon.  Subsequently,  several  hundred  rounded  crystals  of  zircon  were  retrieved 
from  this  kimberlite  in  1981-82  during  a  short  period  of  renewed  mining  activity.  The  zircon, 
together  with  other  large  (>1  cm),  single  crystal  minerals  (olivine,  orthopyroxene, 
clinopyroxene,  garnet,  ilmenite,  and  phlogopite),  belongs  to  a  distinctive  suite  of  Cr-poor 
megacrysts,  which  has  been  interpreted  by  Moore  (1986;  see  also  Gurney  et  al.,  1979;  Moore 
et  al.,  1992)  to  have  crystallized  out  of  a  highly  evolved  liquid  that  differentiated  from  the 
parental  magma  of  the  kimberlite. 

Ten  crystal  fragments  of  several  mm  dimension  and  ranging  in  color  from  completely 
colorless  to  medium  amber  yellow  were  chosen  to  determine  their  U-Th-Pb  ages  and 
compositional  variability  within  the  suite.  Each  fragment  was  crushed  in  an  alumina  mortar  and 
sieved  to  retain  only  the  -100+40  pm  fraction  for  analysis.  In  order  to  reduce  surface 
contamination,  the  crushed  samples  were  washed  in  warm  IN  HN03  and  IN  HC1,  rinsed  in 
distilled  water,  and  dried  before  1  -2  mg  splits  were  weighed  into  1  mL  teflon  digestion  vessels. 
Analytical  procedure  closely  followed  the  hydrothermal  bomb  and  anion  resin  exchange  column 
method  of  Krogh  (1973)  for  milligram  size  samples  except  as  noted  below.  A  mixed  205Pb-235U- 
230Th  spike  was  employed— making  it  possible  to  determine  Th-Pb  as  well  as  U-Pb  ages  and  to 
directly  measure  Th/U  ratios. 

The  results  of  twelve  analyses  performed  in  the  Radiogenic  Isotope  Laboratory  of  the 
University  of  Cape  Town  on  the  zircon  megacrysts  are  presented  in  Table  1 .  At  the  time  these 
data  were  obtained  the  laboratory  Pb  blank,  which  accounted  for  half  or  more  of  the  common 
Pb  in  the  analysis,  fluctuated  between  25  and  1 5  pg.  Consequently,  for  many  of  the  analyses 
the  measured  206Pb/204Pb  of  187-845  translates  into  rather  large  common  Pb  corrections  and 
significant  207Pb/206Pb  age  uncertainties.  For  consistency  the  Pb  isotopic  composition  of  all 
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samples  has  been  corrected  for  20  pg  of  laboratory  blank,  and  the  remaining  common  Pb  is 
assumed  to  have  a  Stacey  and  Kramers  (1975)  90  Ma  model  isotopic  composition.  As  with 
prior  efforts  to  date  such  young  and  unradiogenic  zircon,  the  U-Pb  (and  Th-Pb)  ages  are 
analytically  most  precise,  and,  assuming  no  postcrystallization  loss  of  radiogenic  Pb,  provide 
the  best  constraint  on  the  time  of  kimberlite  emplacement.  An  independent  measurement  of 
initial  Pb  isotopic  composition  has  not  yet  been  made,  but  only  the  three  samples  with 
206Pb/204Pb  <300  would  have  their  206Pb/238U  ages  changed  by  more  than  0.2  Ma  if  any 
reasonable  isotopic  composition  for  the  mantle  were  substituted  for  the  Stacey  and  Kramers 
model  ratios. 

Isotopic  equilibration  between  sample  and  spike  is  essential  to  parent-daughter  ages,  and 
it  is  important  to  demonstrate  the  reproducibility  of  the  analytical  technique,  especially  in  terms 
of  complete  sample  digestion  and  sample/spike  homogenization.  Two  approaches  have  been 
taken  in  this  regard,  (1)  consistency  of  ages  among  a  presumed  cogenetic  zircon  population,  and 
(2)  replicate  analyses  of  a  ’standard’  sample.  All  of  the  results  reported  in  Table  1  were 
determined  in  three  chemistry  sessions  (A,  B,  and  C,  sequentially),  which,  although  using  the 
same  basic  Krogh  technique,  differed  from  each  other  in  several  aspects.  Sessions  A  and  B 
involved  a  second  HF  digestion  to  insure  complete  dissolution  of  the  sample,  but  after  no 
evidence  of  an  undissolved  residue  was  found,  a  single  digestion  was  used  in  session  C.  Also, 
total  digestion  time  was  progressively  reduced  from  six  weeks  to  four  weeks  to  two  weeks  for 
sessions  A,  B,  and  C,  respectively,  with  presumably  no  deleterious  effects.  The  anion  resin 
exchange  columns  were  operated  in  the  bromide  rather  than  chloride  mode  in  session  B,  but 
were  returned  to  the  chloride  mode  when  poor  Th  recovery  was  experienced  when  the  columns 
were  used  in  the  bromide  mode. 

The  close  grouping  of  206Pb/238U  ages  between  89.2±0.4  and  92.8±0.5  Ma,  although 
extending  beyond  the  quoted  uncertainties,  suggests  that  no  major  difficulties  were  encountered 
with  the  chemical  procedure.  Interestingly,  the  ’standard’  grain  (grain  10),  which  was  analyzed 
twice  in  session  B  and  once  in  session  C,  gives  ages  spanning  the  entire  range  of  the  grouping. 
One  discredited  analysis  in  session  B  did  yield  an  anomalous  206Pb/238U  age  of  105  Ma,  but  a 
repeat  analysis  of  the  same  sample  in  session  C  failed  to  reproduce  the  discrepant  result.  Even 
so,  this  probable  extreme  case  of  incomplete  mixing  between  sample  and  spike  does  raise  the 
possibility  that  minor  sample-spike  disequilibrium  might  be  the  cause  of  some  spread  within 
the  grouping  itself.  Without  a  priori  criteria  for  excluding  any  of  the  analyses,  however,  a 
weighted  average  206Pb/238U  age  of  90.1  ±0.5  Ma  [MSWD  =  3.9,  sample  10-2  rejected;  Ludwig, 
1 996]  is  currently  considered  the  best  value  for  the  time  of  zircon  passage  below  its  blocking 
temperature  for  diffusive  Pb  loss,  presumably  in  response  to  diatreme  emplacement.  This  result 
is  indistinguishable  from  the  weighted  average  207Pb/235U  and  208Pb/232Th  ages  of  90.0±0.5 
[MSWD  =  1.7,  sample  10-2  rejected]  and  89.5±1.0  Ma  [MSWD  =  2.1],  respectively.  Although 
the  207Pb/206Pb  ages  have  significantly  greater  uncertainties,  they  do  scatter  around  the  U-Pb 
and  Th-Pb  ages,  and,  thus,  show  no  evidence  of  older  radiogenic  Pb  inheritance,  such  as  found 
by  Scharer  et  al.  (1997)  for  the  Zairian  Mbuji-Mayi  kimberlite.  Moreover,  if  any  of  the  spread 
observed  in  the  parent-daughter  ages  is  to  be  attributed  to  pre-eruption  mantle  residence,  that 
earlier  ’memory’  is  restricted  to  only  2-3  Ma. 

A  positive  correlation  seems  to  exist  between  the  measured  Th/U  ratios  and  increasing 
Th  and  U  contents  of  the  zircon.  The  geochemical  significance  of  this  relationship,  or  its 
correlation  with  any  other  trace  elements,  however,  is  not  known  but  deserves  further 
investigation.  Except  to  set  a  general  upper  limit  of  ~10  ppb  on  the  common  Pb  content  of  the 
zircon,  this  study  can  provide  little  insight  into  its  distribution  among  samples  until  there  is 
additional  reduction  in  the  laboratory  Pb  blank. 
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Table  1.  U-Th-Pb  zircon  ages  for  the  Monastery  kimberlite. 


Grain 

Description 

Weight 

(mg) 

Measured1 

206pb/2°4pb 

Concentration,  ppm 
u  Th  PbrlJ2 

Th/U 

Age,  in  millions  of  years  (±2a) 

2°6pb/238U  207pb/235u  207pb/206pb  208pb/232Th 

IB,  colorless 

2.08 

203 

3.06 

.72 

.0417 

.235 

90.1±1.1 

90.2±2.6 

109  ±29 

92.5±2.9 

2A,  colorless 

1.96 

235 

3.63 

.76 

.0486 

.208 

89.3±1.0 

89.4±2.3 

77  ±27 

88.1  ±3.5 

3C,  colorless 

1.24 

187 

4.27 

.86 

.0569 

.202 

89.2±1.4 

88.8±3.2 

79±32 

88.3  ±3.8 

4A,  It.  yellow 

2.55 

345 

6.53 

1.49 

.0880 

.229 

89.7±0.9 

89.2  ± 1 -8 

75  ±20 

85.3±4.0 

5C,  It.  yellow 

1.21 

424 

6.97 

2.00 

.0978 

.287 

91.7±0.8 

91 .6±  1.5 

89  ±15 

90. 1  ±2. 1 

6A,  med.  yellow 

2.05 

536 

9.77 

2.36 

.1337 

.242 

90.6±0.7 

90.0±1.0 

76  ±12 

88.2  ±1.6 

7B,  med.  yellow 

2.28 

450 

9.87 

2.59 

.1360 

.262 

90.7±0.8 

90.2±1.3 

78  ±14 

88.0±2.5 

8C,  med.  yellow 

.98 

324 

10.55 

2.67 

.1445 

.253 

90.2±0.9 

90.5±1.9 

97±21 

89.6±2.8 

9 A,  med.  yellow 

2.43 

628 

11.35 

3.69 

.1590 

.326 

90.3±0.6 

90.9±0.9 

107  ±10 

90.9±1.3 

10-1B,  med.  yellow 

1.10 

513 

14.69 

4.97 

.2056 

.339 

89.8±0.7 

89.4  ± 1 . 1 

77  ±13 

90.7±1.8 

10-2B,  med.  yellow 

1.67 

693 

14.76 

5.06 

.2124 

.343 

92.8±0.6 

93.0±0.7 

100±8 

88.5  ±1.5 

10-3C,  med.  yellow 

2.11 

845 

14.86 

5.14 

.2069 

.346 

89.2±0.5 

89.3±0.6 

94  ±5 

90. 1 ± 1 .2 

Decay  constants:  238U  =  1.55125  xlO*10  yr*1;  235U  =  9.8485  xlO'10  yr*1;  232Th  =  4.9475  xlO*11  yr*1; 
238U/23>4U  =  137.88.  Letter  following  grain  number  (e.g.,  4A)  indicates  chemistry  session.  1  Corrected 
for  fractionation  and  spike  only.  2  Pbrad,  radiogenic  Pb,  corrected  for  20  pg  of  laboratory  blank  and  a 
Stacey  and  Kramers  (1975)  90  Ma  model  isotopic  composition. 
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Mineral  inclusions  (23  pyrope  garnets,  30  chromites)  have  been  extracted  from  28  diamonds  selected 
from  the  Pipe  #50  kimberlite  in  Liaoning  Province,  and  the  pipes  of  the  Shengli  #1  and  Hongqi  #6 
kimberlites  in  Shandong  province.  These  inclusions,  and  several  from  the  collection  of  Meyer  et  al. 
(1994),  have  been  analysed  for  major  elements  using  EMP  and  for  trace  elements  using  the  proton 
microprobe.  Carbon-isotope  compositions  have  been  measured  on  44  diamonds  (23  from  Liaoning, 
21  from  Shandong),  of  which  32  contained  identified  inclusions. 

Mineral  Inclusions 

Most  of  the  pyrope  garnets  in  concentrates  from  both  areas  are  strongly  subcalcic,  with 
CaO=1.6-4.5%  and  Cr203=7-17%  (Fig.  1).  Diamonds  from  both  areas  also  contain  a  population  of 

mildly  subcalcic  garnets  with  CaO  4. 8-5. 8%  and 
Cr203  8-14%;  low  Na  contents  indicate  that  these 
are  derived  from  harzburgites,  rather  than  high-Na 
lherzolites.  The  Liaoning  sample  contains  three 
diamonds  with  inclusions  of  lherzolitic  garnet 
(CaO  ca  6-7%,  Cr203  8-11%).  Several  stones 
contain  >1  inclusion  of  Cr-pyrope;  in  most  cases 
these  are  very  similar  in  composition,  but  others 
show  ranges  in  CaO  content  (largest  range  3.0- 
4.8%)  and/or  Cr203  content  (9-9.5%).  Most  of  the 
pyrope  inclusions  are  depleted  in  Y  (<6  ppm)  and 
Zr  (<30  ppm),  similar  to  most  pyrope  garnets  in 
concentrates  and  diamonds.  However,  in  both 
areas  some  harzburgitic  garnets  are  enriched  in  Zr 
(40-110  ppm)  but  not  Y;  similar  garnets  are 
common  in  concentrates  from  both  areas, 
especially  Shandong.  Lherzolitic  garnets  from 
Liaoning,  and  one  harzburgitic  garnet  from 
Shandong,  have  high  Y  (16-24  ppm)  and  Zr  (50- 
80  ppm)  contents.  Sr  contents  are  high  (up  to  40 
ppm;  average  1 5  ppm)  in  garnets  from  both  areas; 
this  is  characteristic  of  diamond-inclusion  garnets 
worldwide  (Griffin  et  al.,  1992,1993).  Where  >1  inclusion  occurs  in  a  single  stone,  trace-element 
contents  are  generally  similar,  but  in  some  cases  Y  may  vary  by  a  factor  of  2,  and  in  Ni  by  5x. 

Chromite  inclusions  are  high  in  Cr  and  low  in  Al,  and  most  are  similar  to  other  chromite 
inclusions  worldwide.  However,  6  chromites  in  one  diamond  from  the  Hongqi  6  kimberlite  all  have 
unusually  high  Ti02  contents  (0.8-1%),  high  and  variable  Zr  contents  (<1-70  ppm,  average  40  ppm) 
and  modest  Nb  contents  (2-7  ppm).  The  high  Ti,  Zr  and  Zr/Y  of  these  damond  inclusions  mirrors 
the  geochemical  signature  of  xenocryst  garnets  and  chromites  from  this  kimberlite,  which  is  related  to 
extensive  mantle  metasomatism  accompanied  by  the  formation  of  LIMA  minerals  (Zhou  et  al.,  1994). 
A  similar  pattern  is  seen  in  7  chromites  from  one  Liaoning  stone,  where  major  elements  show  little 
variation,  but  Zr  contents  vary  from  13-93  ppm  (average  55  ppm)  and  Nb  <1-8  ppm),  but  Ti02 
contents  are  low  (0.2%).  Chromites  from  both  areas  show  a  bimodal  distribution  of  Ga  and  Ga/Ni, 
suggesting  that  chromites  of  both  lherzolitic  and  harzburgitic  parageneses  are  present. 


diamond-inclusion  garnets  (this  work, 
Meyer  et  al.  (1994). 
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Garnet  Geotherms  (Ryan  et  al.,  1996) 
for  the  Shandong  and  Liaoning  kimberlites  are 
similar,  and  he  between  35  and  40  mW/m2 
conductive  models  (Griffin  et  al.,  1998). 
However,  the  concentrate  garnets  from  the  two 
areas  show  quite  different  temperature 
distributions;  most  nickel  temperature  (TNi  ) 
values  from  Liaoning  kimberlites  are  <1200  °C, 
while  most  from  Shandong  kimberlites  are 
1100-1450  °C,  reflecting  a  higher  degree  of 
interaction  with  asthenosphere-derived  melts 
near  the  base  of  the  Paleozoic  lithosphere 
beneath  Shandong.  These  temperature 
differences  are  mirrored  in  the  distribution  of  TNi 
(in  garnet)  for  the  diamond  inclusions  of  the  two 
areas;  temperatures  for  Liaoning  garnets  and 
chromites  average  1025°C,  ,  while  those  for 
Shandong  average  1240°C.  In  particular,  the  T 
distributions  of  the  diamond  inclusions  closely 
match  the  T  distributions  of  harzburgitic  garnet  and  chromite  xenocrysts  from  heavy  mineral 
concentrates  at  each  locality.  P-T  estimates  for  the  inclusion  garnets  are  consistent  with  the  geotherm 
derived  from  the  concentrates  (Fig.  2)  but  several  from  Shandong  lie  well  above  this  geotherm. 

Several  diamonds  with  >1  inclusion  record  large  differences  in  TNi  or  TZn.  Replicate  analyses 
show  that  the  temperatures  of  individual  inclusions  can  be  reproduced  within  ±30-40  °C;  the  largest 
ranges  in  TNi  are  890-1155,  685-1105,  865-1120  °C  at  Liaoning,  and  1085-1410  °C  at  Shandong. 
The  lowest  of  these  temperatures  are  within  the  diamond  stability  field  on  the  derived  geotherm. 
Three  subcalcic  pyropes  (Cr203  9. 2-9. 8%,  CaO  3%)  in  one  Liaoning  diamond  contain  <6  ppm  Ni 
(TNi  <550  °C,  in  the  graphite  stability  field),  suggesting  that  they  have  not  been  in  equilibrium  with 
typical  mantle  olivine.  Five  chromites  from  one  Liaoning  diamond  show  a  range  in  TZn  of  970-1330 
°C,  while  Tzn  of  four  chromites  from  one  Shandong  stone  are  probably  similar  within  error  (1105- 
1 170  °C). 
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3.  C-isotope  composition  of  Shandong  and 
Liaoning  diamonds  (inclusions  labelled) 


The  013C  values  of  44  diamonds 
range  from  +0.9  to  -6.0  %c  (average  -3.40 
%o,  median  -3.67%c;  Fig.  3).  Diamonds 
with  identified  peridotitic  inclusions  range 
from  +0.9  to  -5.37%o  (average  -3.09 %c, 
median  -3.55%o).  There  is  no  obvious 
correlation  between  013C  and  inclusion 
type,  and  no  correlation  of  013C  with 
temperatures  estimated  from  mineral 
inclusions.  However,  there  is  a  broad 
correlation  between  the  CaO  content  of  Cr- 
pyrope  inclusions  and  013C;  the  heaviest 
carbon  is  found  in  stones  with  very  low- 
Ca  garnets. 
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Discussion: 

The  inclusions  in  the  diamonds  from  North  China  are  similar  in  most  respects  to  those  found 
in  kimberlitic  diamonds  worldwide;  they  are  dominantly  of  the  harzburgitic  paragenesis,  but  show  a 
continuous  range  to  less  depleted  lherzolitic  parageneses.  Most  of  the  diamonds  appear  to  have 
grown  under  P-T  conditions  similar  to  those  recorded  by  xenocryst  garnets,  which  record  a 
conductive  geotherm  well  within  the  range  found  beneath  most  Archean  cratons  at  the  time  of 
kimberlite  emplacement  (Paleozoic,  in  the  present  cases).  However,  the  large  T  range  recorded  by 
multiple  inclusions  in  some  diamonds  suggests  that  diamond  growth  was  accompanied  by  at  least 
local  T  fluctuations  well  above  the  stable  ambient  temperature.  The  apparent  similarity  of  thermal 
conditions  in  Paleozoic  time  and  during  diamond  growth  may  simply  reflect  the  equilibrium  P-T 
conditions  in  a  depleted  lithospheric  root.  However,  the  trace-element  characteristics  of  some 
inclusions  mimic  metasomatic  signatures  in  concentrate  garnets  and  chromites  from  the  host 
kimberlite.  These  signatures,  and  in  particular  the  LIMA-associated  metasomatism  in  the  Hongqi-6 
kimberlite,  generally  are  regarded  as  relatively  young  overprints  on  ancient  depleted  mantle  (Zhou  et 
al.,  1994;  Griffin  et  al.,  1996).  The  similarity  of  these  signatures  in  concentrate  and  diamond- 
inclusion  minerals  suggests  either  that  these  metasomatic  signatures  are  ancient,  or  that  the  diamonds 
have  grown  at  a  relatively  late  stage  of  the  lithospheric  history.  However,  the  observed  relationship 
between  013C  and  the  Ca  content  of  garnet  inclusions  implies  that  the  isotopic  composition  of  carbon 
in  harzburgitic  rocks  somehow  is  related  to  the  primary  depletion  process,  which  suggests  ancient 
formation  of  the  diamonds. 
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Mechanical  equilibria  in  inclusion-host  systems 

Zhang,  Youxue 
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Mineral,  melt/glass,  and  fluid  inclusions  in  a  host  mineral  are  common  and  have  been  used 
widely  to  infer  mantle  processes,  source  conditions,  and  P-T  history.  When  an  inclusion  and 
its  host  mineral  form  at  some  initial  temperature  and  pressure,  the  inclusion  pressure  is 
presumably  the  same  as  the  confining  pressure  acting  upon  the  host.  Subsequently  when  the 
P-T  conditions  change,  the  pressure  inside  the  inclusion  is  expected  to  be  different  from  that 
on  the  host  if  compressibilities  and  thermal  expansivities  of  the  inclusion  and  host  are 
different.  Several  pioneers  have  studied  the  mechanical  and  phase  equilibria  of  inclusion- 
host  systems  (e.g.,  Rosenfeld  and  Chase,  1961;  Harris  and  Milledge,  1970;  Adams  et  al., 
1975;  Graham  and  Cybriwsky,  1981;  Gillet  et  al.,  1984;  Tait,  1992). 

The  P-T  history  for  an  inclusion-host  pair  of  mantle  origin  is  often  complicated,  including 
incorporation  of  the  inclusion  at  presumably  equilibrium  conditions,  then  slow  P-T  variation 
in  the  mantle,  then  rapid  decompression  when  the  sample  is  brought  up  to  the  surface  by  an 
eruption,  and  then  rapid  cooling  to  surface  temperature.  When  trying  to  explain  features 
related  to  inclusion-host  systems,  it  is  important  to  bear  in  mind  the  complexity  of  the  P-T 
history  and  to  understand  which  part  of  the  P-T  history  caused  a  given  feature.  Chemical 
reactions  (especially  those  that  involve  diffusion)  and  viscous  relaxation  can  only  happen  at 
high  temperatures  and  when  there  is  enough  time.  On  the  other  hand,  elastic  deformation, 
plastic  yielding,  and  fracturing  can  happen  rapidly  regardless  of  the  temperature.  In  this 
presentation,  I  investigate  mechanical  and  phase  equilibria  in  inclusion-host  systems  by 
adapting  textbook  solutions  (Love,  1944;  Hill,  1951;  Timoshenko  and  Goodier,  1970)  to 
geological  problems.  For  an  inclusion-host  system  that  is  initially  under  lithostatic  pressure 
and  in  mechanical  and  thermodynamic  equilibria,  the  new  elastic  and  plastic  equilibrium  and 
viscous  relaxation  are  considered. 

If  the  inclusion  and  host  are  concentric  spheres  and  elastically  isotropic,  as  T-P  conditions  on 
the  inclusion-host  pair  change  (assuming  that  the  pressure  on  the  outer  surface  of  the  host  is 
isotropic),  the  host  becomes  stressed  and  the  inclusion  is  under  isotropic  stress  but  the 
inclusion  pressure  is  typically  different  from  that  on  the  outside  surface  of  the  host.  The 
relative  change  of  the  inclusion  volume  also  differs  from  that  of  the  host;  the  difference  is 
0.75  times  the  pressure  difference  divided  by  the  shear  modulus  of  the  host.  Different 
inclusions  in  a  single  host  may  be  under  different  pressures. 

The  assumption  of  elastic  isotropy  for  the  host  mineral  is  important  for  simple  solutions  to  be 
obtained  and  is  often  employed,  but,  to  my  knowledge,  its  accuracy  has  never  been  examined 
before.  Recently,  Schmidt  et  al.  (1996)  carried  out  experiments  to  examine  the  variation  of 
volume  and  pressure  of  an  H20  fluid  inclusion  in  quartz  as  a  function  of  T  and  P  [I.-M. 
Chou,  personal  communications].  The  pressure  inside  the  inclusion  is  determined  by 
observing  the  complete  disappearance  of  the  vapor  phase  in  a  vapor-liquid  inclusion  by 
varying  the  temperature  at  a  given  host  pressure.  The  pressure  in  the  inclusion  is  then  the 
saturation  pressure  at  the  given  temperature  and  molar  volume  at  the  P-T  can  be  calculated. 
They  found  that  when  the  inclusion  volume  changed  by  -1.9%  relative,  the  calculated  volume 
change  for  the  host  quartz  crystal  is  only  -0.7%  considering  only  the  compression  and 
thermal  expansion  of  quartz.  Including  the  effect  of  elasticity  but  assuming  elastic  isotropy 
for  quartz,  the  calculated  inclusion  volume  variation  is  -1.2%.  The  agreement  with  the 
observed  -1.9%  variation  is  better,  but  still  not  good,  suggesting  that  elastic  anisotropy  of 
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quartz  may  have  to  be  considered.  Love  (1944)  gave  a  solution  for  a  spherical  inclusion  in 
an  elastically  anisotropic  solid  with  transverse  isotropy  about  the  radius  vector.  Even  though 
quartz  does  not  even  possess  transverse  isotropy,  this  solution  is  expected  to  approximate  the 
elastic  properties  of  quartz  better  than  perfect  elastic  isotropy.  Incorporating  the  anisotropy, 
the  calculated  inclusion  volume  variation  is  -1.8%,  in  good  agreement  with  the  observed  - 
2.0%.  Therefore,  for  accurate  treatment  of  the  elastic  effects  involving  elastically  anisotropic 
host,  anisotropy  must  be  incorporated.  Because  solutions  for  elastically  anisotropic  materials 
are  few  and  complex,  the  following  discussion  still  assumes  elastic  isotropy. 

When  the  inclusion  pressure  is  not  the  same  as  the  pressure  on  the  outside  surface  of  the  host, 
Tait  (1992)  solved  for  the  viscous  flow  velocity  near  the  inclusion-host  boundary  by 
assuming  (i)  that  the  host  is  an  incompressible  Newtonian  fluid  that  flows  radially,  and  (ii) 
that  the  host  is  much  more  viscous  than  the  inclusion.  Using  this  velocity,  he  assumed  that 
the  characteristic  time  scale  for  viscous  relaxation  is  the  inclusion  radius  divided  by  the 
velocity,  and  obtained  the  time  scale  for  stress  relaxation  in  the  host-inclusion  system.  This 
relaxation  time  scale  is  in  error  because  particles  in  the  host  phase  around  the  inclusion  do 
not  have  to  flow  a  distance  of  the  inclusion  radius  to  release  the  stress,  instead,  particles  only 
have  to  move  such  a  distance  that  the  volume  of  the  inclusion  changes  from  that 
corresponding  to  inclusion  pressure  to  that  corresponding  to  the  outside  pressure.  In  this 
way,  the  relaxation  time  scale  for  the  inclusion-host  system  with  a  constant  inclusion  bulk 
modulus  can  be  found  to  be  1.33  times  the  host  viscosity  divided  by  the  inclusion  bulk 
modulus.  Compared  with  the  viscous  relaxation  time  scale  of  the  host  phase  without  the 
presence  of  inclusions,  the  Maxwell  relaxation  time  scale,  the  relaxation  time  scale  for  the 
inclusion-host  system  differs  by  a  factor  of  1.33  times  the  host  shear  modulus  divided  by 
inclusion  bulk  modulus.  Using  this  result,  for  a  typical  upper  mantle  mineral  olivine  with  a 
viscosity  of  1E21  Pa  s  and  a  typical  solid  inclusion  bulk  modulus  of  1E1 1  Pa,  the  relaxation 
time  scale  is  about  400  years,  a  short  time  geologically.  Hence  the  stress  in  an  olivine  crystal 
that  contains  inclusions  is  expected  to  be  lithostatic  in  much  of  the  upper  mantle  with  normal 
temperatures.  However,  if  a  mantle  xenolith  is  brought  up  rapidly  by  volcanic  eruption,  there 
would  not  be  enough  time  for  stress  relaxation  and  there  will  be  anisotropic  stress  in  an 
inclusion-bearing  olivine  crystal  due  to  rapid  decompression.  This  stress  field  should  not  be 
interpreted  to  be  that  in  olivine  in  the  mantle.  Mineral  viscosity  increases  rapidly  with 
decreasing  temperature.  For  example,  Karato  (1997)  estimated  that  at  973  K,  mantle  mineral 
viscosity  is  1E32  Pa  s.  At  such  a  viscosity,  the  stress  relaxation  time  scale  would  be  4  orders 
of  magnitude  greater  than  the  age  of  the  earth.  Hence  under  such  low  temperatures, 
anisotropic  stress  would  be  common  if  there  are  inclusions  in  a  mineral.  For  diamond  and 
garnet,  the  viscosity  is  not  well-known  but  presumably  very  high.  Hence  viscous  relaxation 
in  these  minerals  is  often  negligible. 

Although  stress  distribution  in  the  host  in  the  presence  of  plastic  yielding  may  be  calculated, 
plastic  yielding  may  significantly  complicate  interpretation  of  the  stress  history  (Harris  and 
Milledge,  1970;  Graham  and  Cybriwsky,  1981).  Fractures  develop  when  the  stress  intensity 
factor  or  the  crack  extension  force  exceeds  a  critical  value.  Radiating  fractures  are  often 
observed  around  inclusions  in  garnet  megacrysts  of  mantle  origin  only  when  the  inclusion 
bulk  modulus  is  smaller  than  the  host  bulk  modulus.  They  are  inferred  to  have  formed  during 
rapid  decompression  and  can  be  used  to  constrain  decompression  history. 

Inclusions  in  minerals  have  often  been  used  to  infer  temperature  and  pressure.  If  T  is  greater 
than  1300  K,  viscous  relaxation  is  rapid  for  normal  mantle  minerals  (such  as  olivine).  Hence 
inclusion-host  pairs  can  be  used  in  the  usual  way  to  infer  the  last  equilibrium  T-P.  However, 
If  T  is  smaller  than  1000  K,  or  more  rigid  mantle  minerals  (such  as  diamond  and  garnet)  are 
considered,  viscous  relaxation  m%  be  negligible  and  use  of  inclusion-host  pairs  for 
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theimobarometry  requires  caution.  A  valid  application  is  to  use  the  inclusions  to  infer  or 
constrain  the  formation  conditions  (instead  of  peak  T  after  formation)  if  there  is  no  reaction 
between  the  host  and  the  inclusions  or  if  the  reactions  are  so  slow  that  original  inclusion 
compositions  are  preserved  in  their  cores.  If  a  single  inclusion  contains  several  phases,  the 
equilibria  between  the  several  phases  can  be  used  to  infer  T  (peak  temperature  or  closure 
temperature)  and  inclusion  pressure.  However,  inclusion  pressure  may  not  have  a  depth 
significance.  If  the  host  and  the  inclusion  can  react,  the  observed  compositions  of  the 
inclusion  and  host  reflect  the  long  P-T  history  experienced  by  the  pair  and  cannot  be  simply 
used  to  infer  formation  P-T  or  the  peak  P-T.  Hunter  and  Smith  (1981)  and  Smith  and  Barron 
(1991)  used  the  Fe-Mg  exchange  equilibrium  between  orthopyroxene  inclusion  and  garnet 
host  and  the  A1  content  in  orthopyroxene  inclusion  in  garnet  to  infer  T-P  conditions  or  paths 
for  the  inclusion-host  pairs.  However,  because  the  estimated  temperatures  are  low  (770  to 
1070  K),  viscous  relaxation  in  the  garnet  host  is  expected  to  be  negligible.  The  estimated 
pressures  are  inclusion  pressures  that  cannot  be  used  to  estimate  depth  (and  hence  cannot  be 
used  to  construct  a  geotherm).  When  there  are  several  separate  inclusions  in  a  host  mineral, 
the  pressure  in  one  inclusion  (such  as  an  orthopyroxene  inclusion  in  a  garnet)  may  not  be  the 
same  as  the  pressure  in  another  inclusion  (such  as  a  clinopyroxene  inclusion  in  the  same 
garnet)  unless  the  host  has  viscously  relaxed.  Therefore,  one  may  not  combine  several 
inclusions  to  solve  for  both  peak  T  and  P.  Correct  "reading"  of  information  stored  by 
inclusion-host  pairs  requires  an  understanding  of  mechanical  and  phase  equilibria  involving 
the  inclusion  and  host. 
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Kimberlites  have  been  discovered  in  the  Slave  Province,  on  Somerset  Island,  and  on  Baffin  Island 
near  the  northwestern  edge  of  the  North  American  craton  (Pell  and  Atkinson,  1993).  The  Nikos 
kimberlite,  near  Elwin  Bay  on  Somerset  Island  at  73°28'N  and  90°58'W,  is  located  at  the  northeast  end 
of  the  northeast-southwest  kimberlite  zone  and  is  -1500  km  northeast  of  Yellowknife,  the  capital  of 
Northwest  Territories.  The  Zulu  kimberlite,  the  first  discovery  on  Baffin  Island,  is  located  on  the 
neighboring  Brodeur  Peninsula  of  Baffin  Island  at  73°14'47"N  and  88°  1 6T 1  "W,  approximately  80  km 
west  of  the  Nikos  kimberlite  across  the  Prince  Regent  Inlet.  The  Zulu  kimberlite  consists  of  two 
outcrops  separated  by  approximately  90  meters  of  limestone  strata.  Mantle  xenoliths  are  common  in  the 
Nikos  and  Zulu  kimberlite  pipes.  These  xenoliths  are  is  of  particular  interest  because  they  may  provide 
information  on  the  nature  of  the  upper  mantle  below  the  northwestern  edge  of  the  North  American 
craton,  and  be  used  to  evaluate  diamond  potential. 

We  have  examined  a  variety  of  mantle  xenoliths  from  the  Nikos  and  the  Zulu  kimberlites,  including 
garnet  lherzolite,  garnet-spinel  lherzolite,  spinel  lherzolite,  dunite,  garnet  websterite,  spinel  websterite 
and  garnet  clinopyroxenite.  Alteration  of  the  xenolith  assemblages  to  serpentine/chlorite/talc,  magnetite, 
and  carbonates  is  common  and  more  severe  for  xenoliths  from  the  Zulu  kimberlites.  The  xenoliths 
possess  coarse  protogranular  texture;  some  may  have  experienced  deformation  reflected  by,  for  example, 
kinked  phlogopites.  There  is  an  oxide  rich  vein  in  one  garnet-spinel  lherzolite  sample  (JP1-X17),  which 
consists  mainly  of  ilmenite  and  phlogopite,  with  some  clinopyroxene  and  orthopyroxene  and  rare  rutile, 
chromite  and  sulfides  (referred  to  as  MORID  hereafter),  similar  to  MARID  suite  (mica-amphibole-rutile- 
ilmenite-diopside)  and  characterized  by  high  K,  Fe,  Ti  and  OH  components.  The  contact  between  the 
vein  and  the  host  is  sharp.  Phlogopites  in  the  vein  are  usually  kinked. 

Mineral  compositions  were  determined  on  a  Cameca  CAMEBAX  electron  microprobe  at  the 
University  of  Michigan.  The  main  features  of  the  mineral  compositions  are  summarized  in  the  table. 
There  is  no  compositional  zoning  observed  in  olivine,  orthopyroxene,  clinopyroxene  and  garnet. 
However,  in  the  MORID  vein,  one  anhedral  chromite  and  the  coexisting  ilmenite  show  some  zonation. 
Mineral  compositions  are  roughly  constant  within  each  sample,  except  for  the  xenolith  with  the  MORID 
vein  and  one  spinel  lherzolite,  which  has  two  slightly  different  spinels.  Mineral  compositions  of  the 
lherzolites  (including  garnet  lherzolite,  garnet-spinel  lherzolite  and  spinel  lherzolite)  are  very  different 
from  those  of  the  websterites,  garnet  clinopyroxenite  and  the  MORID  vein. 

In  the  lherzolites,  Mg#  (=100Mg/(Fe+Mg)  by  atoms)  of  olivine  ranges  from  91  to  93  and  is  slightly 
higher  relative  to  olivine  in  undepleted  lherzolites.  The  Mg#  of  orthopyroxene  is  often  slightly  higher 
than  that  in  olivine  in  the  same  lherzolite.  Clinopyroxenes  are  diopside  with  a  Ca#  (=100Ca/(Ca+Mg+ 
Fe)  by  atoms)  of  40  to  47.  Garnets  show  variable  Mg#  and  0^03;  and  the  Cr203  content  is  roughly 
correlated  with  the  calculated  pressure  for  garnet-spinel  lherzolites.  All  the  lherzolitic  garnets  fall  in  the 
lherzolite  zone  in  Cr203  vs.  CaO  diagram  and  belong  to  Ca-saturated  lherzolitic  types. 

In  the  websterites  and  garnet  clinopyroxenites,  pyroxenes  are  lower  in  Mg#  and  higher  in  AI2O3  than 
their  counterparts  in  lherzolites,  and  garnets  are  lower  in  Mg#  than  and  similar  in  AI2O3  to  their 
counterparts  in  lherzolites.  Mg#  of  the  pyroxenes  in  some  websterites  and  clinopyroxenites  are  as  low  as 
73.  Ilmenite  in  the  garnet  clinopyroxenite  (JP1-X31)  contains  10  mol  %  MgTi03. 

In  the  MORID  vein,  pyroxenes  have  lower  Mg#  and  higher  Ti02  than  those  in  the  host,  and 
orthopyroxene  has  higher  CaO  than  its  counterpart  in  the  host.  The  Ti02  content  of  the  garnet  in  the 
lherzolite  host  of  the  veined  sample  is  lowest  (0.04%)  in  spite  of  the  high  DO2  in  the  oxide-rich  vein, 
contrary  to  the  observation  that  higher  Ti02  contents  of  garnets  occur  in  phlogopite-bearing 
metasomatized  xenoliths  (Stiefenhofer  et  al.,  1997).  An  anhedral  spinel  in  the  vein  is  largely  uniform  in 


998 


composition  (except  for  a  decrease  of  (>203  and  an  increase  of  FeOt  near  the  rim)  and  yet  different  from 
those  in  the  host  in  term  of  FeOt  and  MgO  contents.  All'  these  observations  suggest  disequilibrium 
between  the  vein  and  the  host,  probably  owing  to  the  short  duration  of  the  metasomatic  event  and  the 
subsequent  entrainment  of  the  xenolith  in  the  eruption.  Hmenites  in  the  vein  contain  ~50  mol  %  MgTi03, 
and  0.7-6.4  wt%  0203.  An  ilmenite  adjacent  to  the  spinel  is  gradually  enriched  in  (>203  approaching 
the  spinel-ilmenite  boundary.  Rutile  in  the  vein  contains  95  wt%  Ti02  and  3.9  wt%  G2O3. 


Xenolith 

Mineral 

Mg# 

Ca# 

AI2O3  (wt%) 

Cr203  (wt%) 

Na20  (wt%) 

Ti02  (wt%) 

Gt  lherzolite 

Opx 

91-93 

0.5-1. 5 

0.0-0. 1 

Cpx 

92-93 

40-47 

2.2-3. 1 

1.2-2. 3 

1.8-2. 5 

0.2-0. 3 

Gt 

71-85 

13-16 

20.0-22.4 

2.1-5. 1 

0.1-0. 5 

Gt-Sp  lherzolite 

Opx 

93 

0.6- 1.2 

0.0-0. 1 

Cpx 

91-93 

43-46 

1. 0-2.7 

0.4-2. 4 

0.9-2.3 

0.0-1. 1 

Gt 

70-85 

15-20 

17.5-21.6 

4. 2-8.0 

0. 0-0.2 

Sp 

55-67 

11.3-18.9 

48.5-62.2 

0.2- 1.1 

Sp  lherzolite 

Opx 

93 

0.7-1. 0 

0.0-0. 2 

Cpx 

93 

46 

0.7 

3.6 

2.0 

0.0 

Sp 

55-61 

2.3-11.8 

58.2-65.9 

0. 1-2.9 

Gt  websterite 

Opx 

78 

2. 6-2.4 

0.1 

Cpx 

85 

49-50 

3. 8-4.6 

0.3-0. 5 

1.0-1. 1 

0.3-0. 7 

Gt 

51-52 

26 

22.4-22.8 

0.5-0. 6 

0.0-0. 1 

Sp  websterite 

Opx 

88 

5.0 

0.1 

Cpx 

91 

51 

5.6 

1.4 

1.3 

0.3 

Sp 

63 

42.2 

26.6 

0.0 

Gt  clinopyroxenite 

Cpx 

73 

46 

2.5 

0.0 

0.9 

0.4 

Gt 

34 

37 

21.9 

0.0 

0.1 

Metasomatic  vein 

Opx 

87 

0.8 

0.3 

Cpx 

88 

42 

1.8 

0.1 

1.1 

0.5 

Phlogopite  is  identified  in  kimberlite  matrices,  in  a  few  lherzolite  and  websterite  samples,  and  in  the 
MORID  vein.  TiC>2  and  FeOt  contents  in  phlogopites  increases  from  lherzolites  (1.1  Ti02  and  3.0  wt% 
FeOt),  to  kimberlites  (average  2.6  and  3.9  wt%),  to  a  garnet  websterite  ZL-X01  (3.6  and  4.4  wt%),  to 
the  MORID  vein  (4.1  and  5.7  wt%).  The  phlogopite  in  garnet  websterite  ZL-X01  also  contains 
unusually  high  F  (4.0  wt%,  equivalent  to  an  F/(F+OH)  ratio  of  0.57). 

The  thermometer  involving  MgSiC>3  partitioning  between  Opx  and  Cpx  and  barometer  of  Al-in-Opx 
coexisting  with  garnet  as  recommended  by  Brey  and  Kohler  (1990)  were  chosen  for  the  calculations  of 
garnet-bearing  xenoliths  in  this  study.  The  calculated  P-T  is  from  25  to  60  kbar  and  from  760  to  1 180°C 
(Fig.  1).  The  P-T  recalculated  from  the  published  data  for  other  Somerset  xenoliths  (Jago  and  Mitchell, 
1987;  Kjarsgaard  and  Peterson,  1992)  are  also  shown.  The  points  for  the  Somerset  xenoliths  lie  close  to 
a  geotherm  with  a  heat  flow  of  40  and  50  mW/m2  (Pollack  et  al.,  1993).  The  deepest  xenoliths  come 
from  a  depth  greater  than  190  km,  where  diamond  is  stable  relative  to  graphite  (Kennedy  and  Kennedy, 
1976).  There  is  no  bimodal  pattern  of  points  observed  in  the  P-T  space  for  the  Somerset  mantle 
xenoliths,  contrary  to  observations  for  the  low-T  and  high-T  xenoliths  from  Kaapvaal  and  Siberian 
cratons  (Boyd,  1987;  Boyd  et  al.,  1997). 

The  JO2  of  the  xenoliths  calculated  by  olivine-orthopyroxene-spinel  oxygen  barometer  is  from  0.7  log 
units  above  to  1.5  log  units  below  NNO.  The/02  of  the  vein  assemblage  (JP1-X17)  calculated  by 
rutile-ilmenite  oxygen  barometer  (Zhao  et  al.,  1996)  is  about  0.4  log  unit  below  NNO.  The  calculated 
/02  of  the  xenoliths  is  slightly  more  oxidizing  than  calculated  EMOD  buffer  from  thermodynamic  data, 
suggesting  that  diamond  may  not  be  stable  relative  to  carbonates.  (Experimentally  calibrated  EMOD 
buffer  curves  by  Wei  and  Luth,  1993  and  by  Eggler  and  Baker,  1983  are  significantly  different  from 
each  other  and  lie  to  the  opposite  sides  of  the  calculated  EMOD  buffer.)  This  result  re-emphasizes  the 
fact  that  high  enough  pressure  is  necessary  but  not  sufficient  for  the  formation  of  diamond,  low  /02  is 
also  necessary. 
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Deep  Mantle  Fluids  and  Their  Products  Products  in  Kimberlites  from  China 
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On  the  basis  of  the  observation  and  research  of  petrography,  mineralogy,  and  mineral  chemistry, 
The  behavior  of  deep  fluids  and  their  products  in  kimberlites  and  diamonds  fall  into  three 
forms  :  ultradeep  fluid  transmitted  minerals,  deep  fluid  metasomatized  minerals  and  deep  fluid 
reformed  minerals,  with  a  successive  descent  at  fluid  origin  depth,  metasomatism  strength  as 
well  as  a  series  of  corresponding  different  metasomatism  forms  (Zhao,  1996)  . 

Ultra  Deep  Fluid  Transmitted  Minerals 

Ultradeep  pressure  experiments,  geophysical  data  and  rare  inclusions  in  diamonds  have  been 
deepened  into  seismic  discontinuity,  670  kilometers  beneath  the  Earths  surface  (Harte,  et,  al 
1994)  .Very  likely,  most  of  siderophile  elements,  such  as  Fe  Ni  Co,  Cu,  W,  As,  GeAgandAu 
are  components  of  the  core  (  Haggety,  1994)  .  The  authers  name  the  materials  ultradeep  fluid 
transmitted  minerals  with  the  same  elements  joined  core-  mantle  differentiation  ;  The 
characteristic  of  the  elements  are  strong  reduction,  and  a  far  higher  formation  temperature 
than  those  in  kimberlite  magma,  with  the  delivery  and  participation  of  ultradeep  fluid,  they 
enter  kimberlite  magmas  and  diamonds  then  reach  or  nearly  reach  the  surface  of  the  Earth. 
These  minerals  include  :  WC,  WC2,  native  silicon,  native  iron  and  their  interactants  native 
silver  and  Ag-bearing  iron- gold  alloy  inclusions  (Zhao,  et,  al,  1995)  . 

In  a  word  ,  they  are  all  special  minerals  ,  simple  substances  and  their  analogous  minerals 
relating  to  the  uletradeep  fluid  in  kimberlites  and  diamonds,  they  make  a  feature  of  oxygen- 
free,  therefore,  they  are  of  the  significant  symbols  of  ulradeep  and  very  strongly  reduing 
environment. 

Deep  Fluid  Metasomatized  Minerals 

All  of  the  characteristics  of  composition,  reduction-oxidation  state,  deformation,  and  occurrence 
of  deep  fluid  metasomatized  minerals  indicate  that  they  are  not  the  products  of  kimberlite 
magmatic  crystallization  but  mantle  materials.  Rich  in  Ti02,  K20,  Na20,  BaO  and  REE,  which 
are  all  characteristic  compositions  of  mantle  metasomatic  fluid,  they  have  experienced  a  series 
of  metamorphism  and  deformation  processes.  The  main  minerals  are  as  the  follows  :  Lindsleyite, 
Mathiasite.  Yimengite  and  Na-Si-rich  orthopyroxene  and  so  on.  The  element  of  Fe  in  these 
minerals  shows  itself  by  way  of  Fe3+,  the  deep  mantle  reaction  related  to  Fe  shows  :  3Fe  2+  -*■ 
2Fe34Fe°  ,  Fe3+  is  transported  upward  by  deep  mantle  fluid  in  deep  mantle,  combines  itself 
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with  Cr,  Mg  Of  mantle  and  forms  metasomatism  minerals  at  the  same  time,  the  Fe°  in  the 
equation  is  carried  to  the  core  and  is  accumulated  there.  During  this  course,  native  iron  occur 
in  kimberlites  and  in  diamonds  as  inclusions. 

The  appearance  of  this  kind  of  minerals  indicates  that  compositions  and  character  of  mantle 
fluids  have  been  notablely  changed,  varying  from  oxygen-  free  or  oxygen-  deficient  fluids, 
ultradeep  and  rich  in  metal  elements  fluid,  to  oxygen  bearing  fluid  rich  in  Ti,  K,  Na,  Ba  and 
REE.  At  the  same  time,  the  changed  fluids  metasomatize  with  mantle  materials  and  bring  forth 
metasomatism  minerals. 

Mantle  Fluid  Reformed  Minerals 

Mantle  fluid  reformed  minerals  mean  that  the  mantle-featured  minerals  whose  compositions 
have  been  changed  to  some  extent  by  mantle  fluid  but  still  remain  stable  in  the  mantle  They 
include  phlogopite,  pyrope,  chromite,  olivine  Pyroxene  and  so  on.  Among  them  the  hydrous 
ones  contain  extra  structure  H20  and  depicient  in  Si02.  On  the  other  hand,  the  theoretically 
anhydrous  ones  contain  H20,  such  as  olivine,  pyroxene. 

Of  them,  mantle  olivine  (peridotite  and  macrocrysts)  might  be  serpentinized  strongly  or 
completely  by  the  shallow  mantle  fluid.  Lizardites  are  dominant  among  mantle  xenoliths,  while 
the  majority  of  macrocrystals  are  antigorites.  Lizardites  are  formed  in  neutral  medium,  but 
antigorites  grow  in  alkali  medium  after  the  formation  of  lizardites.  Olives  in  xenoliths  and 
macrocrysts  give  birth  to  different  kinds  of  serpentins,  as  indicates  that  serpentinization  of 
peridotite  xenoliths  has  atready  begun  while  or  before  the  xenoliths  come  into  kimberlites 
magmas,  mantle  fluids  of  that  time  are  neutral  and  that  the  macrocrysts  are  further  altered  to 
antigorites  by  the  atkali  medium,  mixed  fluids  made  from  mantle  fluids  and  kimberlites  own 
fluid. 

Theoretically,  the  ultradeep  fluids  should  be  at  last  come  from  the  core-mantle  boundary. 
However,  though  the  crystallizatin  temperature  of  WC  up  to  2765C  ,  nearly  equal  to  that  of 
the  core,  there  are  not  adequate  evidences  to  confirm  that  it  is  the  material  that  comes  from  the 
core. 

From  bottom  to  top,  mantle  deep  fluids  can  be  divided  into  oxygen-free  (or  oxygen-deficient) 
ultradeep  fluids  ;  deep  oxygen-bearing  fluids  rich  in  Ti,  K,  Na,  Ba,  and  REE  ;  water-rich  alkali 
fluids  evolved  from  the  above  two  kinds. 

The  represntatives  of  oxygen-free  (or  oxygen-deficient)  ultradeep  fluid  are  natural  elements 
and  or  their  similarities,  for  example,  Au,  Ag,  Cu,  Fe,  Zn,  Sn,  Pb,  W,  S,  transported  by  ultradeep 
fluid. 

In  the  area  affected  by  this  kind  of  fluid,  it  is  characteristic  that  the  deeper,  the  richer  of  Fe 
content  there  is. 

Deep  oxygen-bearing  fluid  interact  on  Cr,  Mg-rich  solid  mantle  materials,  forms  minerals  in 
which  big  radius  cations  coexist  with  small  radius  ones  stably,  as  a  symbol  of  high  pressure. 
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Nearly  all  of  Fe  exist  by  way  of  Fe3+,  reflecting  a  oxidization  character.  The  division  plane 
between  the  two  fluids  is  the  place  where  wuestite  exists  stably. 

Water-rich  alkali  fluid  evolves  on  the  basis  of  the  former  fluids,  with  a  character  of  water- 
richness.  The  main  behavier  is  to  reform  mantle  stable  rock-forming  minerals,  ending  up  with 
the  appearance  of  antigorites.  Under  the  effect  of  these  fluids,  cubic  diamonds,  diamend  coatings 
and  microgranular  diamonds  come  into  being,  containing  probably  inclusions  of  kCl  NaCl, 
calcite,  feldspar,  CuC^  and  so  on. 
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Palaeozoic  diamond-  and  xenolith-bearing  kimberlites  Cenozoic  xenolith-bearing  basalts,  erupted 
in  the  North  China  Block  (NCB),  provide  excellent  mantle  probes  for  research  on  intraplate 
processes  and  the  Phanerozoic  evolution  of  Subcontinental  Lithospheric  Mantle  (SCLM).  In  this 
study,  the  mineral  inclusions  in  diamonds  and  xenoliths  from  Mengyin  (Shandong  province)  and 
Fuxian  (Liaoning  province)  kimberlites  are  chosen  to  constrain  the  nature  of  Palaeozoic 
Subcontinental  Lithospheric  Mantle  (P-SCLM),  while  xenoliths  from  the  Shanwang  and  Qixia 
basalts  (in  Shandong  province)  are  chosen  to  constrain  the  natures  of  Cenozoic  Subcontinental 
Lithospheric  Mantle  (C-SCLM).  Shanwang  lies  astride  the  Tancheng-Lujiang  (Tanlu)  fault  zone,  a 
major  lithospheric  fault  in  eastern  China,  and  Qixia  lies  east  of  the  fault  zone. 

Petrography  of  xenoliths 

The  inclusions  in  diamonds  reflect  the  assemblages  of  low-Ca  harzburgite  (mainly)  and  cpx-poor 
lherzolite  bearing  garnet.  Mantle  xenoliths  from  the  P-SCLM  include  harzburgite,  garnet  and/or 
chromite  lherzolite  (mainly),  dunite,  wehrlite,  mantle  pegmatites,  pyroxenite,  mafic  granulite, 
gabbro,  phlogopitite  and  eclogite.  The  Fuxian  xenoliths  contain  a  higher  proportion  of  lherzolite, 
pyroxenite  and  phlogipitite  than  do  the  Mengyin  ones.  The  peridotitic  xenoliths  mainly  show 
sheared  microstructure,  with  a  small  proportion  of  granular  and  metasomatic  textures.  The 
complexity  of  the  xenoliths  shows  evidence  of  multiple  events  such  as  deformation,  metasomatism 
and  recrystalization  in  the  mantle.  In  contrast,  most  of  the  basalt-borne  xenoliths  are  spinel 
lherzolite  exhibiting  typical  textures  of  mantle  xenoliths  (eg.  porphyroclastic),  without  metasomatic 
textures.  There  contrasts  indicates  that  the  C-SCLM  in  the  region  has  a  relatively  simple  history  of 
evolution,  thus  precluding  the  possibility  that  the  C-SCLM  is  the  residual  of  the  P-SCLM.  The 
basalt-borne  peridotite  xenoliths  vary  petrographically  with  their  locations  relative  to  the  Tanlu 
fault.  For  instance,  the  Shanwang  xenolith  suite  contains  a  larger  proportion  of  samples  with  fine¬ 
grained  or  sheared  microstructure,  higher  abunances  of  modal  clinopyroxene  than  the  Qixia  ones. 

Mineral  Chemistry 

Mg#  values  of  olivine  show  a  decreasing  trend  from  diamond  inclusions  (ave.  0.92),  though 
lherzolites  of  the  P-SCLM  (0.915)  to  lherzolites  of  the  C-SCLM  (<  0.91),  indicating  that  the  mantle 
beneath  the  NCB  became  fertile  though  time.  The  peridotites  from  the  C-SCLM  are  typical  of 
"Oceanic",  rather  than  of  Archean  or  Proterozoic  lithospheric  mantle.  Zr/Y  vs  Y/Ga  relationships 
(Griffin  et  al.,  1997)  demonstrate  that  the  garnets  from  diamond  inclusions  plot  in  the  Arcton  field 
(Zhang  et  al.,  1997).  In  contrast,  only  some  of  the  garnets  in  the  kimberlite-borne  xenoliths  or  as 
xenocrysts  plot  in  the  Arcton  field.  The  majority  plot  either  in  the  Proton  field  or  below  the 
Arcton-Proton-Tecton  trend.  It  remains  a  question  about  the  mechanism  for  the  change  of  garnet 
compositions  in  the  kimberlite-borne  xenoliths.  The  Cenozoic  garnets  from  Nushan  plot  in  Tecton 
field  (Xu  et  al.,  1997).  Mantle  clinopyroxenes  from  Shanwang  are  LREE-enriched,  whereas  many 
samples  from  Qixia  are  depleted  in  LREE.  The  Tanlu  fault  may  have  served  as  a  conduit  for  the 
metasomatic  fluid/melt. 

Geochemistry 

The  P-SCLM  is  chemically  heterogeneous.  Although  they  all  show  LREE-enrichment,  the  Fuxian 
garnet  lherzolites  contain  both  higher  abundances  of  basaltic  components  (eg.  CaO  and  AI2O3)  and 
incompatible  elements  (eg.  Nb,  Ta,  Zr,  Hf,  Th,  U,  REE,  Rb,  and  Sr)  than  the  Mengyin  xenoliths. 
Meanwhile,  the  peridotites  with  shear  texture  are  more  fertile  than  the  granular  ones.  The  C-SCLM 
differs  from  the  P-SCLM  in  two  ways.  First,  they  are  less  depleted  than  the  P-SCLM  ones  in  terms 
of  major  elements.  Second,  the  C-SCLM  samples  normally  contain  lower  abundances  of 
incompatible  trace  elements  and  lower  LREE/HRRE  ratios  (some  chondrite-like)  than  their  P- 
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SCLM  counterparts.  As  demonstrated  by  petrography  and  mineral  chemistry,  the  bulk  chemical 
data  (both  major  and  trace  elements)  also  indicate  that  the  Shanwang  spinel  lherzolites  are  fertile 
and  enriched  in  incompatible  elements  relative  to  the  Qixia  samples.  All  but  one  kimberlite-borne 
xenoliths  in  both  provinces  have  EM2-type  Sr-Nd  isotope  ratios.  However,  the  Fuxian  samples 
have  higher  87Sr/86Sr  but  lower  143Nd/144Nd  than  the  Mengyin  samples.  They  are  also  high  in 
2°6pb/204 Pb  (>  19.5  vs  <  18.7)  and  dlsO%c  (5. 2-7. 3  vs  4. 2-4. 5).  Positive  A7/4Pb  and  A8/4Pb  values 
of  all  the  xenolihts  may  reflect  their  Gondwana  inheritance. 

Thermal  State 

Thermal  gradient  drawn  from  garnet  (Griffin  et  al.,  1989)  and  pyroxene  (Mercier,  1976) 
thermobarometry  of  xenoliths  or  xenocrysts  in  Mengyin  and  Fuxian  kimberlites  are  higher  than  the 
38  mW/m2  thermal  gradient  calculated  from  the  pyroxene  inclusions  in  diamonds.  The  equilibrium 
pressure  of  xenoliths  or  xenocrysts  from  kimberlites  is  up  to  65  kb  with  mainly  20-40  kb. 
Metasomatism  is  obviously  indicated  by  the  presence  of  yimengite  and  lindsleyite  at  this  level. 
This  observation  suggests  that  the  low-Ca  harzburgite  (mainly)  or  cpx-poor  lherzolite  environment 
for  diamond  stability  have  been  changed  gradiently  due  to  interaction  between  fluids/melts  and  the 
peridotites  before  eruption  of  the  kimberlities.  The  equilibrum  temperatures  of  spinel  lherzolites 
are  850-1020  °C  at  15  kb,  reflecting  a  geotherm  of  the  C-SCLM  higher  than  the  oceanic  one.  The 
calculated  temperatures  from  Shanwang  are  25-50  °C  higher  than  from  Qixia,  showing  that  the 
Tanlu  fault  may  have  acted  not  only  as  the  path  for  fluids/melts,  but  also  for  heat  flux. 

Displacement  of  the  Tanlu  Fault 

Xu  et  al.  (1987)  suggested  that  the  Tanlu  fault  is  a  sinistral  fault  with  a  offset  of  750km,  based  on 
several  lines  of  geological  observations,  including  the  distance  between  the  Mengyin  and  Fuxian 
kimberlites  on  the  opposite  sides  of  the  fault.  Based  on  their  studies  of  garnet  separates  from 
kimberlites,  Griffin  et  al.  (1997)  argued  that  the  two  P-SCLM  sections  are  petrologically  different 
and  thus  the  distance  of  the  two  kimberlites  cannot  be  used  as  indicators  of  the  displacement  of  the 
Tanlu  fault.  Our  petrographic  and  geochemcal  data  for  the  mantle  xenoliths  from  Mengyin  and 
Fuxian,  particularly  the  significant  differences  in  their  Sr-Nd-Pb-0  isotopic  systematics,  provide 
further  evidence  that  the  Mengyin  and  Fuxian  kimberlites  may  have  intruded  into  two  different 
Archaean  terranes  rather  than  a  uniform  SCLM  during  Paleozoic  time. 

Phanerozoic  Evolution  of  the  SCLM  beneath  the  North  China  Block 

The  nature  of  the  SCLM  evolution  can  be  constrained  in  three  time  slices  by  the  data  discussed 
above:  1)  the  lithospheric  mantle  before  the  early-Palaeozoic  emplacement  of  the  kimberlites  as 
reflected  by  the  inclusions  in  diamonds;  2)  the  P-SCLM  reflected  by  the  xenoliths  from  kimberlites; 
and  3)  the  C-SCLM  reflected  by  the  xenoliths  from  basalts. 

Based  on  the  kinetics  of  nitrogen  aggregation  in  diamond  (Evans  and  Qi,  1982),  estimated 
formation  ages  for  the  Fuxian  diamonds  are  1060-1200  Ma  (8  grains,  1-2  mm  in  size)  and  2200  Ma 
(>2  mm).  If  the  estimated  values  are  reliable,  it  implies  that  the  formation  of  diamonds  was 
multiple  stages.  The  multiple  stages  may  have  been  connected  with  the  multiple  events  of  the 
mantle  evolution.  During  this  period,  the  cratonic  mantle  was  refractory  and  in  a  low  thermal 
gradient.  This  refractory  mantle  have  been  gradiently  changed  till  the  eruption  of  kimberlites.  It 
was  yet  a  think  cold  "root"  or  "keel"  during  this  period.  The  P-SCLM  was  still  refractory  in  major 
elements  but  enriched  in  trace  element.  A  large  variety  of  mafic  xenoliths,  including  mafic 
granulite  and  gabbro,  has  been  found  in  the  same  kimberlitic  pipes,  implying  that  several  episodes 
of  mafic  magma  underplating  took  place  at  crust-mantle  boundary  level.  On  the  other  hand,  the 
abundant  ultramafic  xenoliths  such  as  pyroxenites  and  phlogopites  with  complex  textures  may 
suggest  that  mantle  events  such  as  metasomatism,  deformation  and  recrystallization  took  place  in 
the  P-SCLM  during  the  period  between  the  diamond  formation  and  the  kimberlite  emplacement. 
We  speculate  that  these  events  may  have  resulted  in  the  formation  of  weak  (or  fracture)  zones  in  the 
SCLM.  Mantle  pegmatites  found  as  xenoliths  in  the  kimberlites,  possibly  associated  with 
melt/fluid  activity,  shear  zone,  and  metasomatism  in  the  mantle  are  rich  in  fluids,  LREE  and  large 
ion  lithophile  elements  (including  heat-producing  elements).  The  relationship  between  texture  and 
chemistry  of  the  peridotite  xenoliths  indicates  that  the  deformed  textures  were  genetically  related  to 
mantle  shear  zones  which  served  as  conduits  for  incompatible  element  enriched  melts/fluids. 
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The  C-SCLM  is  fertile  in  major  elements  and  depleted  in  trace  elements  relative  to  the  P-SCLM.  It 
is  impossible  that  this  relatively  simple  and  homogeneous  C-SCLM  could  have  been  derived  from 
the  the  complex  and  heterogeneous  P-SCLM  simply  by  machenical  attenuation  and  chemical 
modification.  Replacement  of  the  P-SCLM  by  materials  from  an  upwelling  asthenosphere  must 
have  occurred.  Geophysical  data  (Yuan,  1996)  demonstrate  that  the  present  lithosphere  is  thin  (60- 
110  km)  and  hot  (60-80  mW/m2),  with  many  irregular,  mushroom-like  low-velocity  bodies  at  the 
depths  of  60-130  km.  These  hot  bodies  may  reflect  mantle  weak  zones  and  upwelling  of  the  lower 
velocity  materials  is  most  obvious  along  the  Tanlu  fault.  The  collision  between  the  South  China 
Block  and  the  NCB  during  the  early  Mesozoic  (Yin  and  Nie,  1993)  could  have  facilitated  the 
development  of  these  reticulated  mantle  weak  zones,  particularly  along  the  Tanlu  fault. 
Accompanied  by  the  subduction  of  Pacific  and/or  Indian  plates,  upper  mantle  conviction  became 
more  vigorous  beneath  the  NCB.  The  attenuation  and  replacement  of  the  P-SCLM  by  upwelling 
asthenosphere  materials  through  thermal  erosion  and  possibly  delamination  resulted  in  the 
irregular-shaped  hot  bodies,  mainly  along  weak  zones,  detected  from  geophysical  data. 
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Mineral  Mapping  with  Hyperspectral  Data 
A  Case  Study  over  the  Moses  Rock  Dyke  and  Mule  Ear  Diatreme  (UTAH,  USA) 


V.  Zichella1,  A.  A.  de  Gasparis1  and  N.  E.  Pendock2 

1 .  Geophysical  Services  Department  of  Anglo  American  Corporation,  45  Main  Street,  Johannesburg  2000 

2.  Department  of  Computational  and  Applied  Mathematics,  University  of  the  Witwatersrand,  PO  Box  197,  WITS  2050 
(under  contract  to  Anglo  American's  Geophysical  Services  Department) 

Two  AVIRIS  scenes  acquired  in  1995  over  the  Moses  Rock  Dyke  -  Mule  Ear  area  in  southeastern  Utah, 
USA,  were  processed  for  mineral  mapping  purposes  (Fig,  1). 


The  area  investigated  is  characterised  by  the  presence  of  Tertiary  ultramafic  intrusions  within  a  Late 
Carboniferous  to  Jurassic  sedimentary  succession.  The  ultramafic  intrusion  represented  an  excellent 
target  for  the  fine-tuning  of  the  investigation  methods  towards  the  identification  of  kimberlites,  due  to 
their  similar  groundmass  mineralogy  and  weathering  products.  Abundant  carbonates  and  shales  within 
the  host  rocks  created  other  interesting  targets  for  the  investigation  of  spectral  properties  of  rocks  and 
minerals  with  airborne  hyperspectral  data  (Fig.  2). 


Fig.  1.  AVIRIS  scenes  950724B09-2/3.  Bands  20-100-200. 


Fig.  2.  Mineral  map  of  the  Moses  Rock  /  Mule  Ear  area. 
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Mapping  lithologies  in  a  multivariate  remotely  sensed  image  presupposes  that  individual  lithologies  may 
be  separated  spectrally.  If  we  assume  this  to  be  so  we  have  two  very  powerful  pieces  of  prior 
information: 

•  individual  geological  units  of  interest  will  be  relatively  rare  in  a  whole  image 

•  lithological  responses  are  often  spatially  concentrated  and  some  guess  could  be  made  at  approximate 
minimum  and  maximum  sizes.  Shape  information  could  also  be  used  in  some  applications. 

Classical  statistics  is  very  good  at  describing  the  average  behaviour  of  a  multivariate  data  set.  Our  first 
piece  of  prior  information  tells  us  to  look  for  outliers  which  may  be  either  noise  or  targets  and  so  the 
usual  statistical  approaches  of  principal  components  analysis  or  classification  are  of  limited  use.  Noise  in 
hyperspectral  imagery  comes  from  many  sources  including  atmospheric  effects,  aircraft  motion  and 
sensor  noise.  Searching  for  outliers  will  thus  produce  many  candidate  spectra  that  may  then  be 
winnowed  using  our  second  prior  assumption  of  spatial  contiguity  and  morphology. 

Atmospheric  correction  and  spectral  mixture  modelling  techniques  were  developed  and  tested  in  the 
course  of  this  study  and  the  results  obtained  were  very  encouraging. 

Fast,  automatic  techniques  combined  with  a  critical  interpretation  of  the  results  provided  the  key  to  the 
isolation  and  identification  of  anomalous  (spatially  limited)  mineral  associations  that  can  become  targets 
for  exploration. 

Comparison  with  state  of  the  art  public  domain  software  showed  the  advantages  of  the  in-house 
software  in  the  identification  of  diluted  or  small  spectral  features  in  complex  and  noisy  data. 
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New  Data  about  Crusts  of  Weathering  on  Kimberlites  of 
Diamondiferous  Territories 


Zintchouk,  N.N. 

YaGEER&D  CNIGRI,  ALROSA  Co.  Ltd.  Chernyshevsky  Sh.  7,  Mirny,  678170,  Sakha  (Yakutia),  Russia. 

On  ancient  platforms,  where  kimberlite  magmatism  is  established,  both  large  and 
relatively  small  in  size  kimberlite  pipes  are  revealed,  with  the  developed  residual  crust  of 
weathering  on  most  of  them.  The  analysis  of  geologic-mineralogical  features  and 
composition  of  crusts  of  weathering  on  kimberlite  pipes  of  Yakutian  diamondiferous 
province,  which  was  carried  out  by  us,  has  shown  that  intensively  chemically  refined 
kimberlites  (with  a  very  limited  number  of  cases)  are  earmarked  only  in  some  regions  of 
this  territory.  The  pipe  named  after  the  23d  Congress  of  the  CPSU  is  an  example  of  such 
deeply  chemichally  refined  crust  of  weathering  of  Yakutian  kimberlites.  In  the  section  of 
this  pipe  one  can  trace  clearly  expressed  zonal  structure  of  eluvial  products.  Lower  zone 
(with  the  thickness  of  5-7  m)  represents  loose  multicolored  kimberlite  rock  with  clearly 
expressed  fragmentary  structure.  Upper  zone  (with  the  thickness  of  7-8  m)  is  composed 
by  brown  (seldom  by  light-grey)  clayey  formations,  which  practically  have  not  preserved 
structure-textural  features  of  mother  rocks.  In  the  products  of  weathering  of  the  pipe  in 
question,  together  with  montmorillonite  and  disordered  montmorillonite- 
hydromicaceous  mixed-layer  formations  there  is  present  in  a  considerable  quantity 
hydromica  of  polytypic  modification  IM,  chlorite  (from  packets  6  and  61,  according  to 
Zvyagin  B.B.),  as  well  as  serpentine  (structural  types  A+B).  Picroilmenite  prevails  in  the 
complex  of  heavy  fraction  initial  minerals.  The  number  of  pyropes  reduces  upward  along 
the  profile  of  weathering.  The  share  of  other  rather  stable  minerals  of  heavy  fraction 
(chromite,  chrome-diopside,  zircon,  rutile,  sphene  and  others)  in  general  is  insignificant. 
Goethite,  hematite  and  siderite  prevail  in  authigenic  complex  of  heavy  fraction  minerals. 
Sufficiently  different  type  of  the  kimberlite  crust  of  weathering  was  revealed  by  us  on  a 
number  of  other  small  kimberlite  pipes  of  Yakutia  (Dachnaya,  International,  et  al.,  for 
instance).  It  turned  out  to  be  often  impossible  to  make  a  clear  distinction  between 
compact  and  weathered  kimberlites  in  such  pipes,  either  in  field  conditions  (during 
registration  of  performed  mining  works),  or  by  the  results  of  laboratory  processing  of 
stone  material.  By  the  degree  and  character  of  kimberlite  rocks’  alteration  this  distinction, 
with  some  share  of  relativity,  can  be  made  only  by  distribution  in  the  section  of  clayey 
minerals.  In  such  profiles,  independent  of  the  position  of  rocks  in  the  section,  one  can 
reveal  kimberlites  of  different  stages  of  weathering.  Hardly  altered  rocks,  practically 
completely  preserving  structure-textural  features  of  initial  kimberlites,  belong  to  the  first 
stage.  The  second  stage  includes  moderately  weathered  rocks,  in  which  relict  structures 
of  kimberlite  and  various  nodules  being  present  in  them  preserve  as  a  rule,  but  to  various 
degree  are  shaded  by  secondary  ferruginous-clayey  formations.  Greatly  weathered  rocks, 
initial  structure-textural  features  of  kimberlites  in  which  practically  are  not  preserved, 
belong  to  the  third  stage.  Very  often  the  rocks  of  this  stage  of  weathering  are  represented 
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by  slightly  uneven  saturated  with  hydro-oxides  of  iron  and  clayey  formations.  Their 
colour,  due  to  irregular  distribution  of  ferruginous  compounds,  changes  from  greyish- 
yellow,  yellowish-grey  to  brown  colour  of  various  shades.  Mg-Fe  montmorillonite 
associating  with  variable  amount  of  disordered  montmorillonite-hydromicaceous  mixed 
layer  phase  dominates  in  the  products  of  weathering.  Sites  of  weathering  crust  are 
earmarked  therewith,  enriched  by  close  to  Ca-form  variety  of  montmorillonite,  though  in 
general  there  prevails  the  mineral  with  mixed  composition  of  cations  in  interlayer 
intervals  of  its  structure.  Kaolinite,  hydromica,  chlorite,  serpentine  and  in  individual 
samples  palygorskite  are  present  in  subordinated  quantity  in  pelitic  component  of  the 
products  of  weathering. 

Nearly  equal  contribution  of  the  first  and  the  second  factor  to  the  total  variability  of  the 
system  (the  sum  of  the  first  four -factors  is  over  90%)  is  characteristic  feature  of  the 
investigated  type  of  kimberlite  crust  of  weathering,  under  general  comparatively  high 
organization  of  petrochemical  system.  This  equality  testifies  that  two  close  in  intensity 
processes,  changing  the  initial  appearance  of  kimberlite  rocks  of  the  pipe,  are  taking 
place  in  the  crust  of  weathering  of  this  type.  In  accord  with  the  revealed  in  the  rocks 
groups  of  components  (A1203  -  Fe203  -  FeO  -  MnO  -  K20  -  P2Os,  CaO  -  Na20,  Ti02  -  K20) 
the  first  factor  monitors  the  behaviour  of  Al,  Fe3+,  Fe2+,  Mn,  K  and  P  (fixation  in  rocks)  as 
well  as  of  Ca  (release).  On  the  other  hand,  the  second  factor  determines  accumulation  of 
CaO  and  C02  in  individual  sites,  which  is  mainly  connected  with  carbonatization  of 
individual  sites  of  the  section.  This  factor  allows  to  assess  the  scales  of  release  of  SiOL„ 
A1203  from  the  rock,  partial  redistribution  and  oxidation  of  Fe  with  formation  of  Fe203  in 
the  last  case.  The  third  factor  monitors  the  behaviour  of  Ti02,  partially  of  oxide  iron  and 
Na20  (fixation).  In  general,  rather  monotonous  distribution  of  main  accessory  elements  is 
characteristic  of  this  type  of  weathering  profiles,  which  stresses  small  chemical 
transformation  of  kimberlites  of  such  pipes.  The  following  paragenetic  associations  of 
elements  have  been  earmarked:  Be  -  V  -  Ga  -  P,  Mn  -  Co  -  B,  C  -  Ni,  F  -  C. 

Despite  the  difference  in  the  structure  of  individual  kimberlite  pipes,  related  in  the  first 
turn  with  different  types  of  rock  and  their  physical-mechanical  properties,  the  processes 
of  alteration  of  initial  minerals  in  their  sections  and  cropping  up  of  secondary  minerals 
are  common,  the  nature  of  secondary  varieties  being  directly  related  with  structural  and 
crystallochemical  features  of  initial  minerals.  By  character  of  transformation  the  latter  are 
subdivided  into  two  groups:  minerals  of  insular,  chain  and  framework  structure,  as  well 
as  of  layer  one.  Minerals  of  the  first  group  in  the  process  of  hypergene  transformation 
dissolve  from  the  cropping  up  products  as  well,  depending  on  pH  and  Eh  environment 
new  minerals  are  crystallized.  At  the  same  time  micas  and  other  hypogenic  layer  silicates 
undergo  degradational  transformation  with  the  rise  of  either  similar  polytypic 
modifications  of  the  same  type  varieties  of  initial  minerals,  or  new  individual  layer 
minerals  and  broad  gamma  of  mixed  layer  formations. 

Structural  and  crystallochemical  features  of  initial  minerals  stipulate  their  different 
stability  during  weathering  and  they  can  be  arranged  in  the  order  of  reduction  of  their 
stability  in  the  row:  quartz,  potassium  field  spars,  amphiboles,  pyroxenes,  acid 
plagioclases,  basic  plagioclases,  olivine,  volcanic  glass,  carbonates  and  salts.  Accordingly 
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layer  silicates  form  their  own  succession:  muscovite  and  dioctahedral  hydromicas  2M„ 
glauconites,  celadonites  and  other  hydromicas  1M,  dioctahedral  varieties  of 
montmorillonite-hydromicaceous  mixed  layer  formations  and  montmorillonite,  di- 
trioctahedral  varieties  of  mixed  layer  formations  and  chlorite,  trioctahedral 
montmorillonites  and  chlorites,  chlorite-montmorillonites  and  chlorite-vermiculites, 
trioctahedral  varieties  of  micas  and  hydromicas,  as  well  as  serpentines. 

Investigated  kimberlites  contain  minerals  with  rather  various  structure,  in  particular  a 
small  part  of  serpentine,  mica  (mainly  phlogopite),  field  spars,  hornblende,  some  part  of 
carbonates,  and  various  oxides  and  hydroxides  of  elements  of  the  iron  (ferrum)  group,  as 
well.  That  is  why  in  accordance  with  their  physical-chemical  properties  they  transform 
into  new  hypergene  minerals  in  some  definite  succession.  Thus,  serpentines  for  instance, 
for  the  varieties  of  which  in  a  number  of  investigated  by  us  kimberlites  the  mixture  of 
polytypic  modifications  A+B  is  established.  At  early  stages  of  weathering  under  retention 
of  initial  pH  and  Eh,  but  reduction  of  pressure  and  especially  environmental 
temperature,  the  lowest  temperature  modification  A  from  the  polytypes  in  question 
preserve.  With  the  reduction  of  both  pH  and  Eh  environment  thereafter  intensive 
decomposition  of  serpentine  takes  place,  and  from  the  products  of  its  destruction  at  first 
there  crop  up  Mg-Fe2+  -  montmorillonite  (that  is,  mineral  of  trioctahedral  type),  later  - 
Mg-Fe3+  -  montmorillonite  of  intermediate  di-trioctahedral  type,  and  then  -  Fe3+-Al  - 
variety  of  this  mineral,  corresponding  to  proper  dioctahedral  type.  It  its  turn,  phlogopite 
in  restorational  situation  is  transformed  into  chlorite  from  Fe2+-Mg  to  practically  Mg-type, 
and  in  oxidation  situation  -  into  vermiculite  and  subsequent  transformational  products  of 
the  latter.  At  first  association  of  Mg-Fe3+  -  montmorillonite  and  vermiculite  develops  by 
way  of  vermiculite.  Further  on  the  structure  of  the  association  undergoes 
“homogenization”  with  the  formation  of  disordered  vermiculite-montmorillonite  mixed 
layer  phase.  Subsequent  complete  dioctahedronization  of  vermiculite  packets  and  their 
transformation  into  montmorillonite  ones  leads  to  cropping  up  of  relatively  uniform 
dioctahedral  montmorillonite.  Small  quantity  of  hydromica  IM  crops  up  from  phlogopite 
as  well.  Biotite  also  undergoes  congenial  alterations.  Owing  to  chemical  composition 
(availability  of  A1  and  Fe3+  in  octahedrons)  and  more  favourable  combination  of 
individual  elements  of  the  structure  (polytypic  modification  2M,)  dioctahedral  micas 
(muscovite,  et  al.)  are  more  stable  than  their  trioctahedral  analogs.  In  the  result  of  it  they 
preserve  in  the  profiles  of  weathering  down  to  the  lower  parts  of  upper  zone.  At  the  early 
stages  of  hypergenesis  plagioclases,  as  well  as  serpentine  and  hornblende,  are  dissolved 
and  dioctahedral  montmorillonite  is  synthesized  from  the  products  of  their  destruction, 
structural  features  of  which  are  determined  by  acidity  of  basic  initial  plagioclases.  The 
products  of  complete  dissolution  or  partial  transformation  of  a  number  of  accessory 
minerals  also  contribute  to  formation  of  hypergene  minerals,  especially  oxides  and 
hydroxides  of  iron  (ferrum)  group.  And  here  the  degree  of  ordered  structure  of  initial 
minerals  is  inherited  by  newly  rising  phases. 

Thus,  if  in  the  zonal  crust  of  weathering  of  individual  pipes’  kimberlites  one  can  clearly 
trace  in  the  section  the  replacement  of  initial  rocks  by  eluvium  with  corresponding  to 
each  zone  mineral  associations,  then  in  the  majority  of  investigated  small  in  size 
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kimberlite  bodies,  owing  to  loose  composition  of  rocks,  macrouniform  eluvial  thickness  is 
formed.  However  microseparations  in  the  sections  of  the  latter  type  are  characterized  by 
zonal  structure  with  close  to  greatly  altered  pipes  succession  of  initial  rocks’ 
transformation.  It  follows  herefrom  that  the  ordered  structure  of  initial  minerals,  their 
inheritance  by  newly  formed  hypergene  phases  and  universal  nature  of  the  processes, 
taking  place  therewith,  independently  of  the  type  of  weathering  rocks  and  specific 
features  of  their  aggregate  state,  are  the  main  factors  which  determine  regularity  of 
successive  transformation  of  various  rocks  in  the  process  of  weathering. 

Application  of  these  provisions  when  investigating  eluvial  thick  layers  opens  opportunity 
not  only  to  objectively  assess  structural  and  crystallochemical  nature  of  cropping  up 
secondary  products  and  their  genetic  relationship  with  initial  minerals  in  each  zone,  but 
to  forecast  character  orientation  of  rocks’  alteration  under  the  effect  of  hypergene 
processes  with  taking  into  account  temperature  and  hydrochemical  regimes  of 
weathering. 
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Erosional  Section  of  Kimberlite  Bodies  and  the  Scales 
of  Placer  Diamondiferousness 

Zintchouk,  N.N.,  and  Boris,  Y.I. 

YaGEER&D  CNIGRI,  ALROSA  Co.  Ltd.  Chernyshevsky  Sh.  7,  Mirny,  678170,  Sakha  (Yakutia),  Russia. 

Diamondiferousness  of  terrigenous  sedimentations  of  any  age  depends  on  conditions  of 
their  formation  and  availability  of  placer  and  primary  sources  of  diamonds  in  the  areas  of 
erosion.  The  decisive  significance  therewith  has  the  size  of  the  erosional  section  of 
diamond-bearing  rocks  and  the  development  of  intensive  crust-formation,  preceding 
accumulation  of  sedimentations  under  discussion,  as  well  as  their  undamaged  state  in  the 
subsequent  stages  of  history  of  the  discussed  territory’s  geological  development.  A 
classical  example  in  this  plan  is  the  region  of  massive  development  of  kimberlite  pipes 
and  dikes  on  constantly  rising  Caapvaal  craton  in  South  Africa,  extended  and  intensive 
erosion  of  which  reached  from  1000  m  (the  Premier  pipe)  and  1400  m  (  pipes  of 
kimberlite  field  Kimberley)  to  2000  m  and  more  (Postmasburg  field,  where  dike  bodies 
of  root  parts  of  pipes  are  already  outcropping)  and  diamonds  were  carried  to  the  Atlantic 
ocean  by  watercources(Houtorn,  D.B.).  In  the  result  of  it  and  also  due  to  constant  sea 
currents  along  the  coast  there  has  been  formed  beach-submarine  placer  of  diamonds 
extending  for  more  than  400  km  with  large  stones  of  high  quality  and  resources  about  a 
milliard  and  a  half  carat  (according  to  the  data  of  south  african  geologists).  Similar 
significant  erosional  section  (Koval’sky,  V.V.,  et  al.)  of  kimberlite  bodies  is  noted  in  north¬ 
eastern  part  of  the  Siberian  Platform,  within  also  constantly  rising  Anabar  anteclise  and 
Olenek  uplift.  On  such  blocks  of  the  platform  subjecting  to  constant  rising,  therewith, 
there  are  individual  areas  which  are  distinguished  by  some  lag  in  this  uplift.  It  is  the 
Abelyakh  diamondiferous  region,  where  rich  in  all  parameters  modern  alluvial  diamond 
placers  have  been  formed,  which  is  considered  to  be  such  an  area  here. 

By  analysis  of  quantitative  correlations  of  diamonds  and  eroded  parts  of  kimberlite  pipes 
and  explored  placers,  Malo-Botuobinsky  diamondiferous  region,  located  within 
Botuobinsky  craton  (central  part  of  the  Siberian  Platform),  is  considered  to  be  as  a 
standard.  Here  diamondiferous  kimberlite  pipes  of  Middle-Paleozoic  age  have  been 
found  and  three  large  epochs  of  denudation  and  accumulation:  Late-Paleozoic,  Mesozoic 
and  Cainozoic  are  allocated.  By  estimating  the  volume  of  diamonds,  carried  out  from  the 
eroded  kimberlite  pipes  in  terrigenous  sedimentations,  and  comparing  it  with  the 
quantity  of  diamonds  available  in  placers,  we  establish  the  scales  of  primary  and  placer 
diamondiferousness  of  a  definite  region  under  investigation.  Thus,  direct  geological  data 
testify  that  the  deepest  erosional  section  (300  m)  of  all  kimberlite  bodies  of  the  region  and 
country  rocks  took  place  in  pre-Middle  Carboniferous  time.  It  was  at  that  time  that  the 
main  mass  of  kimberlitic  minerals,  including  diamonds,  was  set  free,  which  then  got  into 
productive  levels  of  Upper  Paleozoic.  In  Mesozoic  epoch  of  denudation  (in  Middle-Late 
Triassic)  kimberlite  bodies  were  eroded  to  the  depth  nearly  an  order  less  than  in  Late 
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Paleozoic  -  only  to  40  m,  and  in  Kainozoic  -  to  approximately  the  same  value  less  -  about  5 
m. 

Malo-Botuobinsky  region  is  one  of  few  diamondiferous  regions  of  the  Siberian  province 
where  both  primary  and  placer  diamond  deposits  are  available.  In  the  result  of 
explorational  works  on  these  deposits  the  main  parameters  (grade  of  diamonds, 
thickness,  etc.)  were  revealed,  as  well  as  resources  of  diamonds  were  estimated.  Taken 
together  this  made  it  possible  to  assess  quantitatively  the  scales  of  primary  and  placer 
diamondiferousness,  so  that  we  could  determine  whether  so  far  undiscovered 
diamondiferous  kimberlite  pipes  and  diamond  placers  are  available  in  the  region.  Thus, 
determination  of  possible  scales  of  primary  and  placer  diamondiferousness  was  carried 
out  by  way  of  comparison  of  diamond  resources  available  in  all  ancient  and  modern 
placers  and  placer  occurrences  of  the  region,  with  estimated  quantity  of  diamonds  which 
were  set  free  from  eroded  to  the  present  time  parts  of  known  kimberlite  bodies.  At  first 
the  balance  of  diamond  resources  in  placers  and  placer  occurrences  was  determined. 
Then  the  quantity  of  diamonds  released  in  the  course  of  three  denudational  cycles  (pre- 
Middle  Carboniferous,  pre-Lower  Jurassic  and  Kainozoic)  from  each  kimberlite  pipe  of 
the  region  was  estimated.  For  this  purpose  in  the  first  turn  their  main  parameters  and 
thickness  of  the  eroded  part  of  each  pipe  according  to  the  cycles  of  denudation 
(according  to  direct  geological  data)  were  determined.  Volumetric  weight  of  kimberlites 
and  average  grade  of  diamonds  in  a  unit  of  volume  were  conditionally  accepted  as  equal 
to  the  same  ones  in  upper  explored  blocks  of  pipes  and  with  taking  into  account  the  data 
of  exploitation.  The  areas  of  cross  sections  of  kimberlite  pipes  within  their  eroded  parts 
were  determined  with  the  help  of  average  coefficients  accounting  for  the  expansion  of  the 
funnel.  It  is  necessary  to  emphasize  that  estimation  of  diamonds  released  from  eroded 
parts  in  pre-Middle  Carboniferous  time  carries  a  somewhat  approximate  character  on 
account  of  impossibility  to  determine  exact  estimational  parameters,  especially  the  area 
of  the  pipes’  cross  section.  It  is  really  not  easy  to  determine  the  degree  of  expansion  of 
the  funnel  of  pipes  to  the  day  surface  in  the  period  of  their  intrusion  and  to  what  depth 
the  upper  (crater)  part  of  pipes  was  filled  by  non-diamondiferous  bolder  material  from 
country  rocks,  that  is  not  by  kimberlite.  Such  facts  are  determined  in  poorly  eroded 
kimberlite  bodies  of  South  Africa  and  Yakutia.  Paleogeographic  constructions  substantiate 
that  in  the  process  of  territory’s  erosion  eroded  diamondiferous  material  was  both  carried 
beyond  the  region’s  boundaries  in  western  and  north-western  directions  and  localized 
within  its  boundaries.  The  resources  of  diamonds  in  the  discovered  placers  of  Late 
Paleozoic  age  are  much  less  than  the  quantity  carried  out  from  eroded  parts  of  pipes. 
This  proves  the  possibility  of  discovering  diamond  placers  of  close  and  distant  drift  in 
sedimentations  of  Upper  Paleozoic.  In  connection  with  this  it  is  necessary  to  emphasize 
that  considerable  concentrations  of  diamond  indicator-minerals  and  diamonds  have  not 
been  revealed  in  these  sedimentations  near  known  kimberlite  bodies  of  the  region.  With 
getting  away  from  these  bodies  in  north-western  direction  (direction  of  drift  of 
terrigenous  material  in  Late  Paleozoic  time)  only  their  background  contamination  by 
minerals  of  kimberlite  is  revealed,  that  is,  “the  path”  of  indicator-minerals  and  diamonds 
from  kimberlite  bodies  in  the  direction  of  terrigenous  material’s  transportation  into  Late 
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Paleozoic  basins  of  sedimentation  is  not  fixed.  This  situation  can  be  explained  by  the 
location  of  known  kimberlite  bodies  in  the  discussed  period  of  time  in  the  vaulted  part  of 
Mirny  consedimentational  paleouplift,  within  which  at  present  practically  there  are  no 
Upper  Paleozoic  sedimentations,  and  to  their  slopes  fro  north-west  there  adjoin  only 
upper  non-diamondiferous  levels  of  these  sedimentations,  under  which  occur  proper 
productive  layers  where  diamond  placers  of  industrial  significance  (Kyuelyakhskaya 
trough)  is  allocated.  Thus,  there  was  no  such  a  “trap”  (local  depression)  near  the  pipes  in 
the  period  of  erosion  of  kimberlites  and  Upper  Paleozoic  accumulation  of  sediments,  the 
trap  which  was  earmarked  for  the  Mir  pipe  in  Early  Jurassic  time  and  where  considerable 
in  size  and  grade  of  diamonds  placer  Watershed  pebble-bed  (Vodorazdel’nye  galechniki) 
was  formed. 

Conditions  of  erosion  and  accumulation  of  sediments,  similar  to  the  same  in  Late 
Paleozoic  time  existed  also  in  Early  Jurassic  time  on  the  area  of  Western  group  of 
kimberlite  bodies  (pipes  Internatsional’naya,  XXIIIrd  Party  Congress,  etc.).  Here  these 
bodies  are  also  located  on  Mirny  uplift,  but  at  at  the  very  slope  of  Mesozoic  trough 
(central  part  of  Angaro-Vilyuysky  sagging).  The  material  of  denudation  was  carried 
beyond  the  limits  of  the  site  practically  leaving  no  traces  of  indicator-minerals  and 
diamonds’  transportation,  for,  at  present  high-diamondiferous  pipes  Internatsional’naya 
and  XXIIIrd  Party  Congress  are  overlayed  by  thin-granular  sediments  (aleurolites,  clays) 
of  Lower  Jurassic  containing  only  background  quantity  of  small  and  and  in  poor  state 
indicator-minerals.  And  only  during  detailed  prospecting  works  a  small  part  of  rich 
placer  of  diamonds  of  diluvial-proluvial  genesis,  which  preserved  from  erosion,  (placer 
Novinka)  was  discovered  on  a  terracette  of  Jurassic  trough  (1,5  km  south  of  pipe 
Internatsional’naya).  Resources  of  diamonds  in  this  placer  constitute  about  one  fourth 
part  of  diamonds  carried  out  from  the  eroded  part  of  the  Internatsional’naya  pipe  only. 
Later,  during  explorational  and  exploitational  works  “the  path”  of  kimberlite  minerals 
from  the  Internatsional’naya  pipe  till  the  Novinka  placer  was  discovered,  which 
represents  linear  placer  of  diamonds  Geophysicheskaya,  attributed  to  the  bottom  of  a 
very  shallow  paleowatercourse.  Thus,  volume  estimation  analysis  of  diamonds  carried  out 
from  different  parts  of  known  kimberlite  pipes  of  the  region  in  pre-  and  Late  Paleozoic 
time,  and  for  the  Western  group  of  kimberlite  bodies  -  in  pre-  and  Early  Jurassic  time, 
serves  as  a  basis  for  forecasting  of  diamond  placers  of  close  and  distant  drift. 

Determination  of  scales  of  primary  and  placer  diamondiferousness  by  the  volume  of 
carried  out  diamonds  from  Mirny  group  of  kimberlite  bodies  (Mir,  Sputnik,  Dachnaya)  in 
Mesozoic  and  Kainozoic  time  has  special  significance  in  this  plan.  Here  the  resources  of 
diamonds  in  Lower  Jurassic  and  Quaternary  placers  exceed  the  volume  of  diamonds 
carried  out  from  the  eroded  kimberlites,  in  the  time  of  formation  of  these  placers,  for 
about  one  third.  And  this  is  even  without  taking  into  account  the  quantity  of  diamonds 
available  in  poor  placers  and  in  the  form  of  dispersed  diamondiferousness  in  Jurassic  and 
Quaternary  sedimentations,  as  well  as  those  ones  which  were  carried  out  at  the  same  time 
beyond  the  boundaries  of  the  region.  Such  situation  testifies  that  there  are  still 
undiscovered  kimberlite  bodies  with  sufficient  content  of  diamonds.  This  conclusion  is 
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supported  by  availability  of  a  number  of  local  perspective  sites  for  new  primary  sources  of 
diamonds  to  be  discovered  within  Mirny  kimberlite  field. 

It  is  nearly  impossible  to  carry  out  similar  analysis  of  scales  of  primary  and  placer 
diamondiferousness  in  other  industrial-diamondiferous  regions  (Daldyno-Alakitsky  and 
Middle-Markhinsky)  of  the  Siberian  Platform,  for  there  are  practically  no  placers  of 
diamonds.  In  the  first  region  it  is  because  of  relatively  small  erosional  section  of  the  pipes 
(on  some  of  them  crater  formations  have  preserved)  and  intensive  release  of  kimberlite 
material  beyond  its  boundaries,  and  in  the  second  region  -  kimberlite  bodies  are  located 
on  the  upper  curve  of  north-western  border  of  Middle  Paleozoic  Ygyatinskaya  trough 
and  overlayed  on  it  Vilyuyskaya  Mesozoic  syneclise,  where  denudated  kimberlite  material 
was  carried  out,  and  then  the  pipes  were  overburdened  by  thin-granular  sediments  of 
Lower  Jurassic.  The  conditions  are  similar  to  those  of  the  Internatsional’naya  pipe 
region.  Here  availability  of  placers  of  Novinka  and  Geophysicheskaya  type  is  also  possible. 
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Specific  Features  of  Kimberlite  Prospecting  in  Various 
Landscape-geological  Conditions 
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Diamond-prospecting  works  have  been  carried  out  on  the  Siberian  Platform  for  50  years. 
In  the  result  about  1000  kimberlite  bodies  have  been  discovered  here  and  broad 
development  of  placer  diamondiferousness  in  different  in  age  (from  modern  to  Riphean 
age)  collectors  of  various  genetic  types  has  been  allocated.  Kimberlite  bodies  mostly  are 
concentrated  in  the  central  (Middle  Paleozoic,  mainly  high-diamondiferous  pipes)  and 
north-eastern  (Mesozoic,  low  or  non-diamondiferous  pipes)  parts  of  the  platform.  On  a 
considerably  large  area  kimberlite  bodies  are  exposed  (practically  all  north-east  and 
smaller  half  of  the  platform’s  centre).  These  areas  are  characterized  by  simple  conditions 
of  prospecting  and  application  of  a  complex  of  concentrate-mineralogical  and  geologic- 
geophysical  (magnetometric  survey)  methods  of  prospecting  unequivocally  solves  the  set 
tasks,  that  is,  leads  to  discoveries  of  kimberlite  pipes.  The  presence  of  thick  crusts  of 
weathering,  vari-facial  covering  Quaternary  sedimentations,  breccias  in  carstic  funnels 
and  depressions,  as  well  as  low-magnetic  kimberlites,  etc.,  represent  complicating  factors. 
By  the  present  time  the  areas  with  such  relatively  simple  geological  structure  have  been 
almost  completely  prospected  and  geologic-explorational  works  have  been  transferred  to 
the  territories  of  main  industrially  diamondiferous  regions  (Daldyno-Alakitsky,  Malo- 
Botuobinsky  and  Middle-Markhinsky)  of  the  central  part  of  the  platform  with  extremely 
complicated  conditions  of  prospecting,  where  discovery  of  high-diamondiferous 
kimberlite  pipes  is  expected.  Here  kimberlites  are  overburdened  by  a  thick  (about  100  m, 
a  sometimes  more)  layer  of  vari-facial  terrigenous  sedimentations  of  Mesozoic  and  Upper 
Paleozoic,  intruded  in  a  complicated  way  by  trapp  bodies  of  Lower  Triassic  with  thickness 
of  80-100  m,  seldom  more,  and  haloes  of  dispersion  of  kimberlite  minerals  are 
reentrained  from  more  ancient  collectors,  that  is,  their  initial  flows  of  dispersion  can  be 
allocated  very  seldom,  only  at  availability  of  favourable  factors. 

That  is  why  applying  the  same  methods  of  prospecting  it  is  in  fact  impossible  to  discover 
here  kimberlite  bodies  with  the  same  efficiency  as  it  is  on  the  areas  with  simple  conditions 
of  prospecting.  In  such  conditions  magnetometric  survey  practically  does  not  discover 
magnetic  anomalies  from  kimberlite  bodies,  and  application  of  concentrate  sampling  by  a 
definite  net  (depending  on  the  details  of  works)  allows  only  to  deliniate  the  haloes  of 
dispersion  of  diamond  indicator-minerals  and  proper  diamonds,  determine  the  direction 
of  terrigenous  material’s  dislocation  separately  along  stratigraphic  levels  and  conditions  of 
their  formation.  The  most  complicated  by  conditions  of  prospecting  is  Malo-Botuobinsky 
region,  for  the  erosional  section  of  kimberlites  here  is  significant:  in  pre-Late  Paleozoic 
time  it  constituted  300  m,  in  pre-Early  Jurassic  -  40  m  and  in  Kainozoic  -5  m.  Upper 
Paleozoic  sedimentations  therewith  are  developed  in  north-western  part  of  the  region 
and  Lower  Jurassic  -  on  all  the  area  of  the  region.  Due  to  such  a  large  erosional  section 
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haloes  of  dispersion  of  kimberlitic  minerals  represent  mainly  reentrained  into  alluvial 
and  basin  sediments  from  more  ancient  collectors.  Productive  levels  gravitate  to  the  lower 
parts  of  the  sections  of  the  revealed  stratigraphic  subdivisions  of  Upper  Paleozoic  and 
Lower  Jurassic.  It  is  there  that  the  main  mass  of  kimberlite  minerals  concentrate. 
Occurring  above  these  levels  sedimentations  of  basin  and  bog-lacustrine  facies  are  mainly 
burial  thicknesses  and  determining  in  prospecting  relation  haloes  of  dispersion  of 
kimberlitic  minerals  are  not  revealed  in  them.  It  is  also  necessary  to  underline  that 
denudation  of  the  region’s  rocks  in  the  process  of  Upper  Paleozoic  and  Lower  Jurassic 
sediments  accumulation  was  extremely  insignificant. 

This,  on  the  one  hand,  contributed  to  possibility  of  formation  in  the  basement  of  Upper 
Paleozoic  and  Lower  Jurassic  sedimentations  of  narrow  jets  of  proluvial-alluvial  and 
proluvial-diluvial  genesis  -  the  products  of  reentrainment  of  the  ancient  crust  of 
weathering,  and,  on  the  other  hand  -  testifies  about  buried  and  to  some  extent  inherited 
character  of  relief,  that  is,  about  availability  of  local  structures,  which  have  experienced 
submergence  in  the  process  of  sedimentations’  formation  of  Upper  Paleozoic  and  Lower 
Jurassic  structural  stages.  It  is  these  structures  that  were  determining  for  formation  of 
kimberlitic  minerals’  haloes  of  dispersion.  It  is  necessary  to  look  for  such  flows,  their 
traces  can  be  noticed  by  individual  grains  of  high  degree  of  conservation  in  the  mass  of 
reentrained  kimberlitic  minerals  of  low  conservation.  However  to  come  across  it  -  is  a  very 
complicated  affair.  That  is  why  it  is  expedient  to  apply  concentrate  sampling  to  the 
revealed  on  the  basis  of  paleogeographic  reconstructions  paleowatercources  of  Late 
Paleozoic  and  Early  Jurassic  ages  on  prospecting  lines  with  small  interval  between  the 
boreholes.  Small  volumes  of  concentrate  samples  from  boreholes  of  core  drilling,  as  well 
as  reentrained  character  of  kimberlitic  minerals’  haloes  of  dispersion,  or  their  absence  at 
all,  decrease  possibilities  of  concentrate-mineralogical  method  of  prospecting  in  this 
situation  and  to  the  forefront  come  geophysical  prospecting  methods  which  are  able  to 
“see”  a  kimberlite  body  or  “initial”  train  of  the  erosion  from  the  surface  (gravimagnetic 
exploration,  electric  prospecting)  or  in  intraborehole  space  (radiowave  sounding,  seismic 
methods),  which  should  be  applied  on  forecasted  areas.  In  the  cases  when  modern 
watercources  drain  the  borders  of  the  supposed  paleouplifts  it  is  expedient  to  sample  the 
exposed  contact  of  Lower  Paleozoic  rocks  with  overlaying  thicknesses  and  try  to 
distinguish  the  initial  flow  of  dispersion.  Core  drilling  within  the  allocated  by  a  complex 
of  geologic-geophysical  and  concentrate-mineralogical  indications  of  perspective  sites 
must  be  oriented  on  direct  revealing  of  a  kimberlite  body  or  on  its  train  of  erosion 
preserved  in  the  dales  of  paleorelief,  as  well  as  on  providing  of  intraborehole  geophysical 
methods  of  prospecting,  which  requires  deepening  of  boreholes  some  more  50  m  into  the 
carbonate  plinth. 

Relatively  less  complicated  conditions  of  prospecting  are  earmarked  in  the  development 
field  of  thick  (down  to  200  m)  sedimentations  of  Upper  Paleozoic  of  Daldyno-Alakitsky 
region  intruded  by  trapp  bodies  as  well,  for  the  erosional  section  of  kimberlite  pipes  here 
is  an  order  lower  than  in  Malo-Botuobinsky  region  and  that  is  why  initial  flows  of 
dispersion  of  indicator-minerals  and  diamonds  preserve.  Their  allocation  makes  proper 
discovery  of  a  primary  source  of  these  minerals  somewhat  easier. 
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Specifically  complicated  conditions  of  prospecting  are  earmarked  in  Middle-Markhinsky 
region  as  well,  which  is  located  in  the  zone  of  connection  of  south-eastern  slope  of  Anabar 
anteclise  and  north-western  border  of  Vilyuy  syneclise.  Here  the  products  of  kimberlite 
destruction  mainly  are  carried  out  beyond  the  boundaries  of  the  region  and  the  pipes 
which  have  undergone  weathering  are  buried  by  fine-granular  sediments  (clays,  aleurites, 
fine  sands),  of  lagoonal,  basin  and  beach-submarine  genesis.  All  these  did  not  contribute 
to  the  formation  and  preservation  of  dispersion  haloes  of  indicator-minerals  and  proper 
diamonds  in  these  sediments  around  pipes,  and  the  weathered  kimberlite  of  low- 
magnetic  pipes,  as  a  rule  with  small  content  of  initial  minerals  and  overlayed  by 
sedimentations  of  Lower  Jurassic  with  the  thickness  of  80-100  m,  does  not  manifest  in 
geophysical  fields,  which  seriously  complicates  prospecting  of  primary  deposits  of 
diamonds  by  the  applied  complex  of  geologic-geophysical  methods.  In  this  situation 
determination  of  availability  of  secondary  and  argillaceous  kimberlitic  minerals  in 
overlaying  sedimentations,  as  well  as  the  search  for  preserved  fragments  of  kimberlites’ 
crusts  of  weathering  and  the  products  of  their  close  reentrainment  come  to  the  first  plan. 
It  is  necessary  to  pay  special  attention  therewith  to  accurate  geological  description  of 
resources  and  comprehesively  explore  composition  of  clays,  specific  features  of 
composition  and  typomorphosis  of  accessories,  geochemical  indications  of  these 
sedimentations,  for  high-ripened  argillaceous  levels  of  the  weathering  crust  usually 
completely  lose  structure-textural  specific  features  of  mother  rocks,  kimberlites  including. 
At  the  same  time  the  discovery  of  linear  weathering  crusts’  fragments  in  faults  and  the 
traces  of  shallow  ancient  paleowatercources  with  the  products  of  their  close 
reentrainment  even  on  open  and  denudated  north-western  area  of  the  region,  composed 
only  by  terrigenous-carbonate  rocks  of  Lower  Paleozoic,  testifies  about  possibility  of 
finding  at  more  detailed  mapping  on  perspective  areas  of  similar  fragments  of  such 
structures  close  to  the  contact  with  the  field  of  development  of  overlaying  Jurassic 
sedimentary  thicknesses  and  trace  then  under  these  sedimentations  with  the  help  of 
geophysical  methods  (gravimetry,  electric  prospecting,  seismic  and  other  methods). 
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Specific  Features  of  Zoning  of  Ancient  Platforms’  Territories  according  to 
the  Degree  of  Perspectiveness  of  Diamondiferous  Kimberlites’  Intrusion 

Zintchouk,  N.N.,  Dukardt,  Y.  A.,  Boris,  Y.I. 

YaGEER&D  CNIGRI,  ALROSA  Co.  Ltd.  Chernyshevsky  Sh.  7,  Mirny,  678170,  Sakha  (Yakutia),  Russia. 

Diamondiferous  kimberlites  are  attributed  to  stable  sites  of  crystalline  basement  of  ancient 
platforms.  This  and  other  most  common  features  are  formulated  in  the  rule  of  Clifford. 
Application  in  practice  of  the  above  rule  is  impossible  without  preliminary  zoning  of 
crystalline  basement,  that  is,  without  dividing  it  into  territories  varying  in  the  modes  of 
tectonic  development,  time  of  consolidation  and  a  number  of  other  indications.  Each  of 
the  platforms  is  characterized  by  its  specific  features  of  the  structure,  however,  all  ancient 
platforms  have  one  common  canvas,  one  scheme  of  development.  All  platforms  of 
northern  hemisphere  have  undergone  three  tectonic-metamorphic  stages:  katarchean  - 
ancient  of  3,5  milliard  years,  Archean  -  3, 5-2, 5  milliard  years  and  Early-Proterozoic  -  2,5  - 
1,6  milliard  years.  After  the  last  stage  the  basement  has  not  undergone  a  more 
fundamental  reprocessing  and  remobilization.  Ancient  platforms  of  southern  hemisphere 
during  Riphean-Vend  and  partially  early  Cambrian  in  individual  belts  have  undergone 
tectonic-thermal  activization  with  repeated  metamorphoses  and  recrystallization.  Besides, 
beginning  from  Riphean  they  were  overlayed  by  saggings  (aulacogeosyncline)  with  all 
indications  of  complete  geosyncline  cycle  ending  with  regional  metamorphoses  and 
introduction  of  sour  intrusions,  that  is,  crystalline  basement  of  platforms  of  southern 
hemisphere  as  the  sole  consolidated  foundation,  has  been  formed  only  to  the  beginning 
of  Early  Cambrian.  Having  analysed  the  position  of  kimberlite  fields  of  some  ancient 
platforms  of  the  World  in  relation  to  crystalline  basement  we  thought  it  possible  to  give 
concrete  expression  to  the  rule  of  Clifford  in  the  following  way.  Diamondiferous 
kimberlites  are  attributed  to  the  sites  of  Katarchean-Early  Archean  crystalline  basement 
(orthocratons),  which  have  not  undergone  the  influence  of  subsequent  tectono- 
metamorphic  episodes.  Non-diamondiferous  or  low  diamondiferous  kimberlites  are 
attributed  to  the  sites  of  Archean  consolidation  of  crystalline  basement  (craton  belts). 
Tectono-thermal  processing  of  kimberlites  does  not  occur  within  Early-Proterozoic  belts. 
This  modernized  rule  of  Clifford  acts  as  the  working  hypothesis.  Zoning  of  crystalline 
basement  according  to  this  rule  on  shields  represents  a  complicated  in  solution  task.  It  is 
even  more  complicated  to  employ  this  rule  to  the  platforms  overlayed  by  thick 
sedimentary  cover.  In  this  case  the  most  objective  data  are  magnetic  and  gravimetric 
maps,  as  well  as  samples  of  rocks  of  the  basement  raised  from  few  deep  boreholes.  The 
exposed  sites  (shields)  give  material  for  identification  of  gravimagnetic  anomalies  with 
definite  structural-formational  metamorphical  complexes. 

Let  us  show  the  results  of  such  zoning  on  the  example  of  the  Siberian  Platform,  which  in 
Preriphean  time  consisted  of  consolidated  shield  composed  of  metamorphic  complexes  of 
Archean  and  overlayed  on  them  folded  and  granitizated  and  metamorphosed 
protoaulacogens,  protogeosyneclines  or  protoaulacogeosyneclines  (green-stone  belts)  of 
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Archean-Early-Proterozoic  age,  unified  on  the  scheme  under  the  general  name  of 
protorift  belts.  If  one  takes  them  off  then  the  platform  will  be  like  consolidated  Archean 
craton  consisting  of  orthocratons  -  Tungussky,  Anabar-Mirny,  Aldan-Tyungsky  and 
Oleneksky,  separated  by  craton  belts.  In  the  basement  of  orthocratons  there  lies 
katarchean  sialic  foundation  represented  by  enderbite  complex  with  the  age  from  3,8  to 
3,5  milliard  years.  They  preserved  hardness,  relative  non-pliability  to  linear  deformations 
in  the  course  of  all  the  stage  of  Pre-Riphean  development.  In  the  craton  belts  there  is  no 
katarchean  grey-gneissic  complex  or  it  is  reprocessed.  Archean  formations  are  laid  upon 
relatively  thin  basite-plagioclase  crust.  This  explains  their  pliability  to  linear  deformations 
under  the  action  of  compressing  tensions  caused  by  head  movement  of  orthocratons. 
Among  orthocratons  of  the  Siberian  platform  we  differentiate  katarchean  and  Archean 
ones,  though  this  division  is  relative.  Its  essence  is  -in  the  following.  Katarchean  and 
Archean  complexes  of  metamorphites  compose  independent  structural  floors.  Within  the 
katarchean  orthocratons,  representing  in  general  huge  archs,  under  the  sedimentary 
cover  a  katarchean  floor  is  uncovered.  Within  Archean  orthocratons  katarchean 
metamorphites  are  uncovered  only  in  individual  positive  structures,  and  the  larger  part 
of  their  territory  is  composed  by  Archean  metamorphic  series.  This  occurrence  has  deep 
historical  roots,  that  is,  katarchean  orthocratons  in  Archean  were  anteclises  and  thick 
layers  of  Archean  rocks  within  them  were  minimum.  On  the  opposite  more  powerful 
enderbite  crust  in  them  was  even  more  consolidated  by  granitoid  magmatism.  In  other 
words,  katarchean  orthocratons  acted  as  more  massive,  cold  and  stable  in  relation  to 
deformations  of  the  block. 

That  is  why  within  the  katarchean  orthocratons,  as  a  rule,  no  linear  folding  is  observed, 
though  they  are  the  most  ancient  sites  of  the  Earth’s  crust  and  overlived  all  tectonic 
collisions.  It  is  quite  possible  that  Tyungsky  and  Aldansky  blocks  are  independent 
orthocratons  and  they  are  separated  by  Archean  folding  belt  occupying  the  basin  of 
middle-low  stream  of  the  Vilyuy  river.  Early-Archean  orthocratons  rather  often  become 
the  arena  of  tectonic-thermal  Proterozoic  reprocessing  and  that  is  why  their  initial 
structure  is  greatly  disturbed.  We  suggest  calling  such  disturbed  Early-Archean 
orthocratons  as  paracratons.  Anabar-Mirny  Archean  orthocraton  consisted,  evidently,  of 
separate  Anabar  and  Mirny  orthocratons,  separated  by  transverse  weakened  zone, 
passing  in  170-200  km  north  off  the  Vilyuy  river  valley.  One  can  judge  about  the 
character  of  the  processes  having  turned  Anabar  Early-Archean  orthocraton  into 
paracraton  by  tectonic  situation  on  Anabar  shield.  Imposition  of  tectonic-thermal 
reprocessing  caused  here  secondary  tectonic  dislocations,  retrograde  metamorphism, 
formation  of  linear  zones  of  diaphthoresis  and  mylonitization.  In  the  result  of 
recrystallization  the  most  ancient  gneisses  and  granite-gneisses  are  dated  by  absolute  age 
of  Early  Proterozoic.  Secondary  folding-explosive  dislocations  carried  clearly  expressed 
linear  character.  That  is  why  primary  mosaic-ovoid  folding,  preserved  in  the  form  of 
relict  shading  system  of  structural  lines,  was  reprocessed  into  compressed  linear  folds  and 
zones  of  faults  of  thrust-faults  and  upthrusts.  The  shield  acquired  the  structural 
appearance  of  a  folding  belt.  However  its  initial  orthocraton  origin  is  marked  not  only  by 
relict  of  initial  structural  plan,  but  also  by  absolute  age  of  rocks  which  have  not 
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undergone  the  stage  of  secondary  metamorphism.  On  Anabar  shield  there  are  several 
zones  of  mylonitization  of  cataclasis,  granitization  and  other  phenomena  of  retrograde 
metamorphism  of  Early  Proterozoic  activity,  which  create  broad  areas  of  rejuvenated 
Archean  rocks.  At  the  same  time  they  appear  to  be  upcast  faults  with  shifting  in  horizontal 
direction  to  west.  Besides  these  main  faults  other  faults  of  listric  character  are  also 
observed.  In  fact  Anabar  shield  is  composed  by  a  number  of  overthrust  blocks  with  their 
general  shifting  in  south-western  direction. 

It  was  noted  above  that  the  granite  layer  of  the  cratons’  crust  consisted  of  katarchean  and 
Archean  floors.  Separating  them  surface,  evidently,  under  the  influence  of  horizontal 
tensions  becomes  the  surface  of  the  overthrust,  for  it  separates  thick  layers  of  various 
competency,  that  is,  under  certain  conditions  it  becomes  the  surface  of  a  special  type  of 
structural  discord:  the  upper  thick  layer  along  listric  faults  reaching  katarchean  basement 
suffers  warping,  whereas  katarchean  rocks  remain  in  relatively  primeval  strucrural  state. 
The  same  picture  obviously  can  be  observed  in  Anabar  shield  and  south  of  it  within  the 
slab  part  of  Anabar  paracraton,  where  magnetic  anomalous  fields  of  stripe-mosaic 
structure  are  earmarked.  Large  gravitational  steps  of  submeridional  direction,  testifying 
about  strong  disturbance  of  the  basement,  are  typical  for  this  territory.  Metamorphic 
series  of  the  shield  and  zones  of  cataclasis  and  mylonitization,  as  stripes  of  decreased 
magnetization  and  negative  gravitational  anomalies,  are  traced  here  by  the  anomalous 
magnetic  field.  In  the  slab  part  of  Anabar  paracraton  one  can  observe  mainly  linear 
structure  of  the  regional  anomalous  magnetic  field,  but  in  its  general  configuration  one 
can  clearly  see  the  circular  structure  of  the  nuclear.  It  looks  as  if  it  were  compressed  in 
latitudinal  direction,  that  is,  it  has  the  shape  of  an  ellipse,  extended  in  meridional 
direction.  It  is  typical  that  its  concentric  circular  elements  in  the  area  of  the  contact  with 
Tyungsky  orthocraton  and  Olenek-Zhigansky  belt  are  greatly  drawn  together 
(compressed),  and  from  west  -  are  cut  by  Tungussko-Vilyuysky  belt.  Other  zones  of 
diaphthoresis  and  mylonitization  are  also  relatively  conformal  to  circular  elements.  Thus, 
there  are  foundations  to  allocate  Anabar  paracraton.  But  within  its  limits  there  are 
allocated  residual  orthocratons,  that  is,  relict  sites  of  primary  katarchean-Archean 
basement  with  undistorted  circular  structures  and  untouched  areas  of  diaphthoresis  and 
mylonitization  zones.  Two  residual  orthocratons  are  allocated  -  Arga-Salinsky  and  Alakit- 
Daldynsky.  By  similar  indications  Botuobinsky  residual  orthocraton  is  allocated  in  the 
south.  Availability  of  similar  structures  is  presupposed  to  be  on  western  periphery  of 
Anabar  anteclise.  Tungussky  orthocraton  is  not  divided  into  para-  and  residual 
orthocratons,  for  there  is  no  data  for  such  division.  Oleneksky  katarchean  orthocraton 
and  part  of  Aldansky  one  are  classified  as  paracratons,  for  it  is  not  known  to  what  degree 
they  have  been  altered  by  Early  Proterozoic  tectono-thermal  processes,  though  there  can 
be  no  doubt  about  availability  of  residual  orthocratons  in  them. 

In  conclusion  we  should  note  that  Anabar-Mirny  Archean  orthocraton  is  tectonically 
deformed  to  a  maximum,  metamorphosed  for  the  second  time  and  turned  into  a 
paracraton  due  to  its  central  position  between  katarchean  orthocratons.  Their  centripetal 
relative  motion  caused  not  only  congregation  of  Archean  belts  but  also  deformations  of 
compression  on  Anabar-Mirny  orthocraton.  Alakit-Markhinskoye  and  Daldynskoye 
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kimberlite  fields  are  located  in  Alakit-Daldyn  residual  orthocraton  and  are  controlled, 
evidently,  by  zones  of  faults  attendant  to  Middle-Paleozoic  Kotuisky  aulacogen  and 
Angaro-Saiyany  Cambrian  rift  creations.  Mirny  .kimberlite  field  is  within  Botuobinsky 
residual  orthocraton  and  Nakyn  and  Muna  fields  -  within  Tyungsky  orthocraton.  The 
first  two  fields  are  controlled  by  Vilyuy-Markha  tectono-magmatic  zone,  and  Muna  field, 
evidently,  by  faults  related  with  Biliro-Udzhinsky  aulacogen.  There  is  no  doubt  about 
activizational  role  of  Middle-Paleozoic  aulacogens  in  all  cases. 
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Modern  methods  of  diamond  exploration  make  it  possible  to  receive  large  volume  of 
information  about  conditions  of  their  formation,  subsequent  existence  and  alteration  (that 
is,  concerning  the  data  about  typomorphic  features),  which  is  very  important  during 
forecasting,  prospecting  and  assessment  of  deposits.  From  a  considerable  spectrum  of 
these  features  the  most  informative  and  relatively  easy  for  diagnosis  are:  morphology, 
photoluminescence,  distribution  of  optically  active  nitrogen  and  hydrogen  centres, 
electronic  paramagnetic  resonance,  isotopic  composition  of  carbon,  X-ray-luminescence 
features,  mineralogy  and  chemical  composition  of  solid  inclusions  in  diamonds. 
Mineralogical  classification  of  Orlov,  Y.L.  is  made  use  of  therewith,  according  to  which  1 1 
genetic  varieties  of  diamonds  are  earmarked:  1st  variety  -  colourless  and  to  variable 
degrees  smoky-brown  diamonds  (due  to  plastic  deformation)  subdividing  in  its  turn  into 
six  groups  (octahedrons,  rhombododecahedrons,  transitive  shapes  of  row  octahedron- 
rhombododecahedron,  pseudohemimorphic  crystals,  cuboids  and  shapeless  fragments 
without  indications  of  crystallographic  faceting);  2nd  -  crystals  of  cubic  and 
tetrahexahedral  habit  uniformly  coloured  in  yellow  and  yellowish-orange  colours;  3rd  - 
crystals  of  cubic  habit  of  gray  colour;  4th  -  diamonds  with  colourless  core  and  coloured  in 
yellow,  greenish-yellow  and  gray  colours  by  coating  (“coated  diamonds”)  in  the  shape  of 
octahedrons,  combinational  polyhedrons  (octahedron  +  rhombododecahedron+cube), 
seldom  cubes;  5th  -  dark,  overfilled  with  inclusions  of  graphite  in  the  external  zone 
diamonds  of  octahedron-rhombododecahedron  row,  mainly  octadedroids;  6th  - 
polycrystalline  splices  of  “ballas”  type  being  spherocrystals  with  radial-radiant  texture  and 
fibrous  structure  with  typical  polyhedrons  (“fivelings”)usually  on  the  surface  of 
dodecahedral  crystals;  7th  -  deformed  in  a  complicated  way  twins  and  splices  of 
dodecahedroids  close  by  their  specific  features  to  the  5th  variety,  with  solid  inclusions  of 
eclogite  association;  8th  -  polycrystalline  aggregates,  usually  consisting  of  small  individuals 
of  octahedral  and  transitive  between  them  habit;  9th  -  fine-grained  bort;  10th  -  carbonado 
of  Brazil; 

11th  -  polycrystals  of  diamond  with  mixture  of  hexagonal  modification  of  carbon 
(lonsdaleite)  of  impact  genesis  being  absent  in  kimberlites. 

The  degree  of  investigation  of  diamonds  by  ancient  platforms  is  different  and  is 
stipulated  by  opportunity  to  receive  a  required  collection  for  research.  That  is  why  the 
most  completely  investigated  are  the  crystals  of  Siberian  and  to  a  smaller  degree  -  East- 
European  platforms,  as  far  as  other  diamondiferous  provinces  of  the  World  are 
concerned  -  there  was  fragmentary  investigation. 
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Available  data  base  on  diamonds  from  147  kimberlite  bodies,  as  well  as  placers  and 
occurrences  of  placer  diamondiferous  property  of  modern  (179  sites)  and  more  ancient 
(95  sites)  ages  became  the  basis  for  investigation  of  typomorphism  of  Siberian  Platform’s 
diamonds.  On  the  whole  the  results  of  own  mineralogical  investigations  of  more  than  60 
000  crystals  from  different  in  age  secondary  collectors  and  more  than  30  000  diamonds 
from  kimberlite  bodies,  with  application  of  similar  data  by  other  authors,  have  been  used. 
Investigation  results  of  typomorphic  features  of  diamonds  allowed  to  reveal  that  the 
formation  of  all  diamondiferous  sedimentations  of  the  province  took  place  on  account  of 
erosion  of  four  types  of  primary  sources:  1  -  the  type  of  rich  kimberlite  bodies  of 
phanerozoic  age,  which  are  characterized  by  sharp  prevalence  of  diamonds  of  the  1st 
variety,  represented  by  laminar  crystals  of  octahedron,  rhombododecahedron  and 
transitive  between  them  habit  forming  continuous  row,  as  well  as  by  availability  of 
diamonds  with  coating  4,  gray  cubes  2,  polycrystalline  aggregates  8-9  and  uniformly 
coloured  in  yellow  colour  cuboids  of  the  2nd  variety  with  low  content  of  typical  rounded 
diamonds;  2  -  type  of  kimberlite  bodies  with  low  diamondiferousness  with  prevalence  of 
dodecahedroids  with  shagreen  and  stripes  of  plastic  deformation  of  “vein  type”,  typical 
rounded  diamonds  of  “Ural”  type  and  availability  of  colourless  cuboids  of  the  1st  variety; 

3  -  unidentified  type  of  primary  source  the  diamonds  of  which  are  developed  in  placers 
mainly  in  North-East  of  Siberian  Platform,  where  their  primary  sources  have  not  been 
discovered  so  far,  and  which  are  represented  by  graphitizated  rhombododecahedrons  of 
the  5th  variety,  as  well  as  by  complicated  twins,  splices  and  dodecahedroids  of  the  7th 
variety  and  uniformly  coloured  cuboids  of  the  2nd  variety  forming  the  association  of 
“Ebelyakh”  (“nizhnelensky”=  lower  Lena)  type; 

4  -  the  type  of  explosive  circular  structures  of  “impact”  genesis,  the  diamonds  of  which 
are  composed  by  polycrystals  of  “carbonado”  type  with  the  mixture  of  hexagonal 
modification  of  carbon  -  lonsdaleite  (“yakutit”). 

The  received  in  the  performed  investigations  data  allowed  to  divide  Siberian 
diamondiferous  province  into  four  subprovinces:  Central-Siberian  (central  part  of  the 
platform),  Lena-Anabar  (north-east  of  the  platform),  Tungusskaya  (south-west  of  the 
platform)  and  Aldan  (south-east  of  the  platform).  The  first  one  is  characterized  by  sharp 
prevalence  of  diamonds  of  the  1st  type  primary  source,  by  occurrence  of  high- 
diamondiferous  middle-Paleozoic  kimberlite  magmatism  and  different  in  age  placers  of 
industrial  significance.  The  properties  of  diamonds  from  kimberlite  bodies  and 
conjugated  with  them  placers  are  sufficiently  close  here.  That  is  why  typomorphism  of 
diamonds  within  perspective  regions  and  sites  of  this  subprovince  is  one  of  the  main 
criteria  for  performing  works  on  prospecting  of  feeding  them  kimberlite  bodies  among 
which  there  is  the  highest  probability  to  discover  high-diamondiferous  targets,  in 
comparison  with  other  regions  of  Siberian  province.  Different  correlation  of  octahedral 
and  rhombododecahedral  habit  crystals  at  low  content  (not  more  than  10%)  of  rounded 
diamonds  of  “Ural”  type  and  cuboids  in  association  with  “ballas”  is  usually  the 
typomorphic  feature  of  diamonds  of  such  perspective  territories  therewith.  Besides,  the 
absence  of  diamonds  of  undiscovered  genesis  of  the  3rd  type  primary  source,  which 
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prevail  in  placers  of  north-east  of  Siberian  province,  is  typical  for  the  discussed 
subprovince. 

In  Lena-Anabar  subprovince  there  is  also  sharp  prevalence,  but  of  crystals  from  the  3rd 
type  primary  source  of  undiscovered  genesis  (associations  of  “Ebelyakh”  type)  with 
considerable  availability  of  peculiar  diamonds  of  2nd,  5th  and  7th  varieties,  typical 
rounded  diamonds  of  “Ural”  type  in  all  age  and  genetic  types  of  sediments,  as  well  as 
appearance  in  a  number  of  regions  (Anabar,  Sredne-  and  Nizhnelensky  regions)  of  the 
subprovince  of  “carbonado”  type  polycrystals  with  the  mixture  of  the  11th  variety 
lonsdaleite  of  impact  type  primary  source.  The  increased  mechanical  wear  of  the  2nd,  5th 
and  7th  variety  diamonds  and  the  presence  within  such  large  territory  of  the  same 
varieties  approximately  in  equal  correlation  is  common  at  that.  There  also  is  marked  low 
content  of  crystals  from  kimberlite  type  primary  sources  in  placers  (about  10-15%),  that  is, 
disparity  of  typomorphic  features  of  diamonds  in  them  and  known  here  kimberlite 
bodies.  At  the  same  time  the  detailed  investigation  of  diamond  morphology  from  upper 
Paleozoic  sediments  of  Kyutyungdinsky  graben  region  (north-east  of  Lena-Anabar 
subprovince)  allowed  to  reveal  the  area  (40  x  85  km)  where  the  crystals  of  the  1st  type 
primary  source  of  kimberlite  genesis  prevail  and  about  10%  of  typical  rounded  diamonds 
of  the  2nd  type  are  present,  at  complete  absence  of  crystals  of  the  3rd  type  primary 
source  typical  for  the  placers  of  the  subprovince  under  discussion.  The  above  mentioned, 
as  well  as  the  existence  of  dependence  between  morphology  of  crystals  and  their  content 
in  primary  sources  allow  to  forecast  in  this  region  availability  of  rich  middle  Paleozoic 
kimberlite  bodies  with  peculiar  diamond  typomorphism. 

Tunguskaya  subprovince  is  noted  for  prevalence  of  typical  rounded  diamonds  of  “Ural” 
type  at  noticeable  presence  (about  5%)  of  polycrystalline  formations  of  “ballas”  type 
variety  6,  and  the  content  of  crystals  of  octahedral  and  transitive  to  rhombododecahedral 
habit  reaches  30%.  Most  of  investigated  diamonds  have  high  degree  of  transparency  and 
coloured  crystals  constitute  about  1/3  of  total  quantity.  Large  content  (about  50%)  of 
diamonds  with  candy  sculpture  at  considerable  presence  (about  20%)  of  crystals  with 
caverns,  thin  and  rough  corrosion  and  pigmentation  spots  (green  and  brown)  is  also  their 
typical  feature.  These  all  things  serve  as  indirect  indication  of  multiplicity  of  diamond 
primary  sources  of  this  subprovince  with  their  prevalence  of  Precambrian  age  of  the 
platform  and  its  folding  frame.  The  data  of  complex  research  of  diamond  typomorphism 
from  upper  Paleozoic  and  modern  sediments  of  Baykit  anteclize  (west  of  Tunguskaya 
province)  allowed  to  reveal  prevalence  of  individuals  from  kimberlite  source  of  the  1st 
type  represented  (more  than  50%)  by  crystals  of  octahedral  and  transitive  to 
rhombododecahedral  habit,  with  the  presence  of  rhombododecahedrons  with  splintering 
hatching,  dodecahedroids  of  “Ural”  type  and  peculiar  uniformly  coloured  octahedroids 
of  the  2nd  variety.  Diamonds  of  this  anteclise,  by  the  complex  of  typomorphic  indications 
and  spectrum  of  crystals  of  individual  morphogenetic  groups,  do  not  have  analogues 
among  known  kimberlite  bodies  and  placers  of  Siberian  province,  that  allows  to  forecast 
their  own  diamondiferous  primary  sources  of  middle  Paleozoic  age. 

In  Aldan  subprovince  there  are  known  individual  finds  of  crystals  represented  by 
typically  rounded  diamonds  close  by  their  typomorphic  features  to  those  from 
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Precambrian  terrigenous  formations  of  the  platform  and  its  folding  frame,  primary 
sources  of  which  have  not  been  identified  so  far. 

Analysis  of  typomorphic  features  of  diamonds  in  other  platforms  of  the  World  has  shown 
that  kimberlite  bodies:  a)  with  increased  diamondiferousness  are  also  characterized  by 
sharp  prevalence  of  the  1st  variety  crystals  of  octahedral  and  transitive  from  it  to 
rhombododecahedral  habit  (for  example,  industrially  valuable  kimberlite  bodies  of 
subprovinces:  Kaapvaal’  in  South  Africa,  Slave  in  Canada,  North-Chinese,  et  ah);  b)  with 
decreased  diamondiferousness  are  also  emphasized  by  prevalence  of  dodecahedral 
shapes  of  diamonds  (subprovinces:  Guinea-Liberian  in  Western  Africa,  Baltic  in 
Arkhangelsk  area  of  Russia,  et  ah).  However,  so  far  there  have  not  been  discovered 
kimberlites  analogous  to  the  ones  in  Congo  (Mbudzhi  Maiya  kimberlite  field),  with 
prevalence  of  cubes,  diamonds  with  coloured  coating  and  diamond  bort.  Still  unsolved 
there  remains  the  problem  of  primary  diamond  sources  from  Precambrian  terrigenous 
formations  of  platforms  (Brazilian,  East-European,  et.  al.)  and  their  folding  frame,  which 
are  characterized  by  typical  rounded  crystals  of  “Ural”  type  that  practically  are  absent  in 
known  kimberlite  bodies. 
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Regional  Zoning  of  Territories  According  to  the  Level  of 
Primary  Diamond  Sources’  Diamondiferousness 


Zintchouk,  N.N.,  Zuev,  V.M.,  Mitioukhine,  S.I. 

YaGEER&D  CNIGRI,  ALROSA  Co.  Ltd.  Chernyshevsky  Sh.  7,  Mirny,  678170,  Sakha  (Yakutia),  Russia. 
Introduction 

Analysis  of  literary  data,  devoted  to  the  problems  of  genesis  of  diamonds  and 
diamondiferous  rocks,  shows  that  the  term  “diamondiferousness”  is  interpreted  rather 
indefinitely.  First  of  all  there  is  no  clearly  determined  border  between  geologic- 
mineralogical  and  geologic-industrial  aspects  of  this  term.  As  a  consequence  natural 
targets  under  general  name  “diamondiferous  bodies”  representing  genetically 
heterogeneous  aggregate  are  united  in  one  group.  The  reason  is  in  the  fact  that  the 
structure  and  properties  of  diamond  raw  material  in  primary  sources  are  still  investigated 
to  a  small  degree. 

Heterogeneity  of  natural  diamondiferous  targets  of  industrial  type. 

It  is  known  that  a  relative  number  of  magmatic  bodies,  composed  by  kimberlites  and 
associated  with  them  rocks  and  containing  diamonds,  is  rather  large.  However,  in  the 
course  of  diamond  mining  history  not  more  than  100  targets  were  involved  in 
exploitation.  In  Fig.  1  there  is  the  data  about  the  cost  of  diamonds  in  a  ton  of  ore  in 
primary  deposits  of  the  World,  which  are  the  main  economic  characteristics  of  targets.  A 
large  scale  of  changeability  (more  than  10  times)  of  this  parameter  is  noted.  These  data 
also  indicate  that  there  is  no  common  criterion  which  could  determine  minimum- 
industrial  level  of  diamondiferousness. 

US  dol  \  t 
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Fig.  1.  Classification  of  diamondiferous  bodies  according  to  the  cost  of  diamonds  in  a  ton 
of  ore. 

1-3,  5,  7,  14,  16,  20  (pipes  of  Yakutian  subprovjnce);  4-A418,  6-A154,  10-Panda,  12- 
Koala,  13-Misery,  18-Sable,  22-Fox  (the  pipes  of  subprovince  Slave);  8-Kimberley,  9- 
Jwaneng, 

17-De  Beers,  21-Finsch,  23-Orapa,  24-Mwadui,  25-Bultfontein,  26-Catoca,  27-Wesselton, 
29-Camute,  30-Koffifontein,  31-Jagersfontein,  32-Premier  (the  pipes  of  African  kimberlite 
province);  15-Shengly  (North-Chinese  subprovince);  19-Argyle  (West-Australian 
subprovince);  28-  Majhgavan  (Indian  kimberlite  province) 

Adoption  of  a  decision  about  involving  a  target  into  exploitation  is  determined  not  by 
geologic-mineralogical  characteristics  of  the  target,  but  by  local  geographic-economical 
conditions.  It  is  clear  that  investigations  of  geologists-analysts,  who  carry  out  comparative 
analysis  of  geological  structure  of  diamondiferous  regions,  internal  structure  of  kimberlite 
clusters  or  material  composition  of  separate  bodies,  may  lead  to  wrong  conclusions  if  they 
make  use  of  geologic-industrial  classification  of  targets. 

Geologic-mineralogical  characteristics  of  diamondiferous  targets. 

The  list  of  geologic-mineralogical  characteristics  of  diamondiferous  targets  includes 
general  content  of  diamonds  (weight  and  quantity  of  crystals),  correlation  of 
granulometric  classes,  correlation  of  crystallomorphological  forms,  degree  of  natural 
defectiveness  (density  of  non-plastic  deformations,  availability  of  regenerational  and 
corrosive  sculptural  forms,  saturation  of  crystals  by  inclusions).  Multiplicity  and  variations 
in  the  meanings  of  the  above  stated  parameters  are  determined  by  specific  features  of 
natural  processes  in  the  course  of  the  whole  evolution  of  diamonds.  The  main  stages  are: 
origination,  growth,  crystallomorphological  transformation  and  dissolution. 

Classification  of  diamondiferous  bodies  according  to  geologic-mineralogical  parameters. 
By  interrelation  of  geologic-mineralogical  parameters  all  the  totality  of  the  most 
investigated  targets,  which  are  indicated  in  Fig.  1,  may  be  subdivided  into  three  groups: 
A,  B,  C.  Group  A  is  formed  by  pipes-leaders  from  kimberlite  fields  of  Yakutian  province 
(Russia)  and  the  Slave  province  (Canada)  (preliminary  data).  It  is  established  (1,2)  that 
among  the  diamonds  there  prevail  (more  than  70%  of  crystals)  octahedral, 
rhombododecahedral  and  transitive  crystallomorphological  varieties,  the  rest  are 
represented  by  rounded  (curve-faceted)  diamonds,  cubic  diamonds  and  shapeless 
fragments.  Regardless  of  the  form  practically  all  the  diamonds  (95%)  refer  to  the  so  called 
first  genetic  variety  (3).  It  is  also  found  (1)  that  the  increase  of  the  curve-faceted  diamonds 
share  up  to  18-20%  corresponds  to  sharp  decrease  of  general  weight  content  to  the  level 
of  poor  diamondiferousness.  Furthermore,  distribution  of  diamonds  by  classes  of  large 
size  in  kimberlite  pipes  of  group  A  is  also  regular.  It  is  described  by  the  chart  in  Fig.  2. 
Group  B  is  formed  by  pipes-leaders  of  South-African  kimberlite  province.  The  same  as  for  group  A 
there  prevail  diamonds  of  the  first  genetic  variety,  however  correlation  of  diamonds  of  different 
morphological  shapes  shifts  to  the  variant  of  combinational  shapes  of  octahedron- 
rhombododecahedron  with  increase  of  the  share  of  curve-faceted  (shapes  of  dissolution)  varieties. 
Investigation  of  composition  of  fluid  inclusions  and  correlations  H  :  O  :  C  :  N  (3)  make  it  possible 
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to  suggest  that  group  B  targets  diamonds  crystallized  and  developed  in  a  more  oxidized 
environment  than  diamonds  of  group  A.  These  conditions  reflected  in  relative  decrease  of  general 
weight  content  of  diamonds  and  distribution  of  crystals  by  classes  of  large  size.  Group  B  is  formed 
by  pipes-leaders  of  South-African  kimberlite  province.  The  same  as  for  group  A  there  prevail 
diamonds  of  the  first  genetic  variety, 
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Fig.  2.  Distribution  of  diamonds  (in  weight)  of  various  granulometric  classes  in  diamondiferous 
bodies  of  group  A 

however  correlation  of  diamonds  of  different  morphological  shapes  shifts  to  the  variant  of 
combinational  shapes  of  octahedron-rhombododecahedron  with  increase  of  the  share  of  curve- 
faceted  (shapes  of  dissolution)  varieties.  Investigation  of  composition  of  fluid  inclusions  and 
correlations  H  :  O  :  C  :  N  (3)  make  it  possible  to  suggest  that  group  B  targets  diamonds  crystallized 
and  developed  in  a  more  oxidized  environment  than  diamonds  of  group  A.  These  conditions 
reflected  in  relative  decrease  of  general  weight  content  of  diamonds  and  distribution  of  crystals  by 
classes  of  large  size. 

Group  C  comprises  a  large  number  of  diamondiferous  bodies  of  kimberlite  and  lamproite  nature  of 
African,  East-European,  Chinese  and  Australian  platforms.  Their  main  feature  is  insignificant 
presense  of  diamonds  of  the  first  genetic  variety  at  broad  distribution  of  diamonds  of  other  genetic 
groups.  Those  are  yellow  and  orange  crystalls  of  cubic  shape  of  growth  (variety  II),  semi¬ 
transparent  crystals  of  cubic  shape,  complicated  by  the  development  of  other  facets  (variety  III), 
crystals  in  coatings  (coated  diamonds)  (variety  IV)  and  others,  corresponding  to  varieties  V-XI. 
Regularities  between  qualitative  and  quantitative  parameters  of  diamond  raw  material  in  geological 
targets  make  it  possible  to  determine  the  notion  “diamondiferousness”  from  geologic-genetic 
positions  and  avoid  possible  mistakes  when  using  this  notion  from  geologic-industrial  point  of 
view.  In  particular  it  is  important  when  carrying  out  investigations,  the  aim  of  which  is  to  reveal 
general  features  of  geological  structure  and  development  of  diamondiferous  territories. 
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The  Structures  which  Control  the  Location  of  Kimberlites 
of  Middle-Markhinsky  Region 

Zuev,  V.M.1,  Bezborodov,  S.M.1,  Chyemy,  S.D.1,  Yanygin,  Y.T.1,  Molchanov,  Y.D.1, 

Ignatov,  P.A.2,  Shtein,  Y.I.2 

1.  ALROSA  Co.  Ltd.,  Lenin  St.  6,  Mimy,  678170,  Sakha  (Yakutia),  Russia 

2.  MGGA 

The  structure  of  Middle-Markhinsky  region  is  determined  by  large  tectonic  intersection  knot  of  the 
first  order  faults’  branches  -  Vilyuy-Markhinsky  dike  belt  of  north-eastern  stretch  and  transverse 
to  it  zone  of  paleolifts.  The  first  of  the  named  zones  of  faults  is  the  marginal  one  in  middle- 
Paleozoic  rift  system  (Gaiduk,  1987,  et  al.). 

The  structure  of  a  kimberlite  field.  A  tectonic  block  of  20  x  30  km  size,  divided  by  faults  in  its  turn 
into  two  approximately  equal  blocks,  is  considered  as  a  kimberlite  field  (Fig.  1). 
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Fig.  1.  Structural  scheme  of  Nakynsky  field 

Faults  of  Vilyuy-Markhinsky  tectonic  zone  of  north-eastern  stretch  performed  by  dikes  of  trapps: 

1 .  1  st  order:  a  -  central  part  (of  axial  branch)  of  the  zone;  6  -  flank  (side)  branches  of  the  zone. 

2.  2nd  and  3rd  order:  a  -  controlling  kimberlite;  6  -  supposed  ore-hosting,  hidden,  with 
fragmentary  manifestation  in  geophysical  fields. 

3.  Faults  of  Middle-Markhinsky  tectonic  zone  of  north-western  stretch. 
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4.  Contours  of  subhorizontal  intrusions  of  trapps  at  different  levels  in  sedimentary  cover  -  a;  their 
circular  and  radial  apophysises  (of  dike  type)  -  6. 

5.  Kimberlite  pipes  and  probable  contour  of  a  kimberlite  field. 

The  blocks  are  limited  by  relatively  large  zones  of  orthogonal  faults.  The  faults  are  clearly 
distinguished  by  the  results  of  structural  interpretation  of  surface  magnetic  and  gravitational  fields, 
as  well  as  by  airborne  magnetic  data.  They  have  north-eastern  and  north-western  stretch.  The  first 
faults  are  more  prolonged  and  rectilinear.  The  second  ones  -  are  often  interrupted  and  represented 
both  by  individual  arched  in  the  plan  links  and  their  rectilinear  diversities. 

The  faults  of  both  directions  are  performed  by  steeply  dipping  dikes  of  dolerites,  by  clearly 
expressed  contrast  linear  positive  anomalies  of  magnetic  and  gravitational  fields.  North-eastern 
violations  represent  individual  branches  of  gigantic  system  both  in  prolonged  and  in  transverse 
directions  of  faults  of  Vilyuy-Markhinsky  dike  belt  of  middle-Paleozoic  age.  The  tectonic  block 
under  discussion  is  in  the  axial  part  of  the  belt. 

The  faults  of  north-western  stretch  are  more  late  with  regard  to  the  main  north-eastern  ones.  At 
least  their  performance  by  basic  magma  took  place  after  coming  into  being  of  the  main  faults  of 
north-eastern  direction.  This  is  well  seen  by  the  elements  of  screening  and  their  shifting  by  north¬ 
eastern  faults,  availability  in  them  of  dikes’  swells  with  approaching  to  north-eastern  tectonic 
borders  or  their  bend  (the  change  of  the  stretch)  in  tangent  to  the  latter  ones.  All  such  features  of 
faults’  relationship  are  well  traced  in  magnetic  field.  Faults  of  much  higher  orders  take  place  inside 
the  block. 

The  structure  of  the  ore  knot  of  the  Botuobinskaya  and  Nyurbinskaya  kimberlite  pipes. 

These  pipes  are  located  in  three  kilometres  from  each  other,  they  have  close  to  each  other 
composition,  and  evidently  form  the  unified  ore  knot  of  kimberlites.  Within  the  limits  of  close  to 
the  pipe  space  in  the  hosting  sedimentary  thick  layers  there  have  been  mapped  the  indications  of 
explosive  (bursting)  violations.  They  have  steep  dip,  different  stretch  and  mainly  are  hidden. 

The  main  ore-hosting  structure  of  this  area  is  represented  by  the  extended  to  several  kilometres 
hidden  fault  of  north-north-eastern  stretch.  Two  relatively  large  tectonic  sutures  are  earmarked  in 
its  composition.  In  the  flexure  fold  of  one  of  them  Botuobinsky  deposit  is  located.  These  violations 
are  located  in  subparallel  in  the  distance  of  350  m  from  each  other.  They  are  mapped  according  to 
the  materials  of  the  detailed  exploration  of  core  of  hosting  sedimentary  thick  layers  according  to 
the  inumerated  below  indications,  as  well  as  according  to  interpretation  of  low-amplitude 
anomalies  of  magnetic  field.  The  revealed  ore-hosting  fault  structure  should  be  considered  as  the 
violation  of  the  fourth  order.  It  is  diagonal  in  relation  to  interblock  faults  which  limit  the  kimberlite 
field  and  to  controlling  the  ore  faults. 

Within  the  cluster  there  are  several  east-north-eastern  tectonic  sutures  which  are  revealed  by  boring 
data  and  during  interpretation  of  large-scale  magnetic  and  gravity  field.  In  the  magnetic  field  they 
are  represented  by  sufficiently  extended  (tens  of  km)  linear  positive  anomalies  of  various  width 
and  intensity.  Such  sublatitudinal  faults  are  described  as  much  larger  ones,  of  the  3rd  order,  and 
subparallel  to  them,  less  expressed  -  as  violations  of  much  higher  order. 

The  Nyurbinskaya  pipe  is  localized  in  tectonic  intersection  knot  of  small  tectonic  sutures,  which 
are  subparallel  to  the  faults  of  Vilyuy-Markhinsky  dike  belt  and  the  basic  zone  of  north-north¬ 
eastern  stretch.  Indications  of  these  faults  are  sufficiently  distinctly  established  in  the  nearest 
exocontact  of  the  kimberlite  field.  Here,  as  well  as  on  the  site  of  the  Botuobinskaya  pipe, 
submeridianal  bend  outlines  in  the  plan  of  this  ore-controlling  fault. 

The  deposit ’s  structure.  The  Botuobinsky  deposit  is  composed  by  two  phases  of  kimberlite.  The 
earlier  phase  is  represented  by  a  dike  body  of  autolithic  porphyritic  kimberlites,  which  has  north- 
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north-eastern  stretch  and  steep  west-north-western  dip.  The  later  phase  of  explosive  kimberlite 
breccias  composes  a  typical  pipe  with  subvertical  axis  extended  in  the  plan  in  the  same  direction. 
These  kimberlites  are  located  to  the  north  of  the  dike  and  cross  it. 

By  the  data  of  detailed  investigation  of  the  core  of  hosting  kimberlites  pipes  of  early-Paleozoic  age 
terrigenous-carbonate  sedimentary  rocks  the  indications  of  tectonic  violations  controlling 
disposition  of  ore  columns  are  established.  Those  indications  are:  microbreccias;  sharp  alterations 
of  subhorizontal  layers’  occurrence;  microbreaks;  drawn  together  steeply  dipping  veins  executed 
by  calcite,  pyrite,  seldom  by  dolomite;  tectonic  cleavage;  slickensided  surfaces,  textures  of  clastic 
dikes’  type. 

The  tectonic  suture  of  north-north-eastern  stretch,  having  subvertical  and  steep  dip,  is  traced  with 
certainty  by  these  indications.  In  the  plan  this  fault  has  distinct  flexure  bend  which  is  seen  in  the 
section  as  well.  Besides  the  main  fault  there  are  small  feathering  violations  of  submeridianal  and 
north-eastern  stretch  located  in  the  heading  side  of  the  main  suture. 

It  is  the  flexure  bend  of  the  revealed  fault  that  both  phases  of  kimberlites  are  attributed  to.  Both  the 
dike  and  the  pipe  are  located  in  south-eastern  part  of  the  suture.  The  dike  of  porphyritic  autolithic 
kimberlites  represents  the  wing  of  the  fault’s  flexure.  Breccial  kimberlites  of  the  diatreme  take  up 
regular  position  in  the  complicated  tectonic  knot  located  in  the  heading  side  of  the  main  fault.  In 
connection  with  this  one  can  suppose  that  the  revealed  rupture  violations  were  mainly  formed  in 
pre-ore  stages.  And  in  the  making  of  kimberlites  they  renovated  and  served  as  channels  of 
ultrabasites’  penetration. 

The  new  thing  in  this  case  is  attribution  of  kimberlite  pipes  to  flexure  bends  (breaks)  of  local 
hidden  in  sedimentary  cover  tectonic  sutures.  This,  together  with  the  outlined  main  ore-controlling 
zone  of  the  fault  serve  as  the  basis  for  forecasting  new  kimberlite  bodies  within  the  cluster.  They 
can  be  localized  in  the  knots  of  intersection  and  morphological  complications  of  the  revealed 
tectonic  sutures  of  north-north-eastern  stretch. 

Thus,  kimberlite  bodies  of  new  Middle-Markhinsky  region  are  controlled  by  the  sites  of 
intersection  and  morphological  complications  of  the  faults  of  the  fourth  and  much  higher  orders. 
The  revealed  kimberlite  cluster  is  related  with  diagonal  fault  of  the  third  order,  and  Nakyn  field  - 
with  intersection  knot  of  the  second  order  rupture  violations. 
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Assessment  of  Diamondiferousness  Perspectives  of  East-Europian  Platform 
according  to  the  Data  of  Sounding  from  Space 

Zuev,  V.M.1,  Serokurov,  Y.N.2,  and  Kalmykov,  V.D.2 

1.  ALROSA  Co.  Ltd.,  Sakha  (Yakutia),  Russia 

2.  UNEGEO,  Moscow 

East-Europian  Platform  is  considered  at  present  as  a  new  diamondiferous  province.  Traditional 
methods  of  diamond  forecast  and  prospecting  within  East-Europian  Platform  are  complicated  by  the 
fact  that  on  considerable  areas  within  its  limits  there  exist  developed  thick  sedimentations  of  Perm 
and  Meso-Kainozoic  ages,  overlaying  potentially  kimberlite-hosting  thick  layers.  On  vast  areas 
there  are  covering  glacier  sedimentations  shifted  from  the  north  of  the  Platform.  In  central  and 
southern  parts  of  it  geologic  investigation  is  complicated  by  considerable  technogenous  load  on 
landscape  due  to  intensive  farming  and  a  thick  net  of  populated  settlements  and  industrial 
enterprises. 

A  still  sufficiently  sparse  net  of  structural  bore  holes  does  not  allow  to  properly  shed  light  on  the 
features  of  sedimental  cover’  and  basement’s  composition.  Gravimetric  and  airborne  surveys  of 
required  detailed  form  cover  not  all  potentially  diamondiferous  sites  of  the  Platform  for  certain. 
There  is  either  no  regular  net  of  seismic  deep  sounding. 

In  the  present  work  we  consider  the  possibility  of  revealing  favourable  structural  situations  for 
localization  of  diamondiferous  taxons  not  larger  than  rank  “region”  within  the  East-European 
Platform  on  the  basis  of  analysis  of  space  sounding  materials  of  small  and  average  resolution.  They 
are  suitable  for  mapping  of  diverse  order  tectonic  structures  providing  penetration  of  kimberlite  and 
other  types  of  magma  of  mantle  nature  into  upper  levels  of  the  Earth’s  crust.  Analysis  technology  of 
these  materials  for  forecast  and  prospecting  of  primary  diamond  deposits  has  been  worked  out  on 
the  basis  of  known  diamondiferous  areas  of  the  world.  In  the  basis  of  it  there  are  traditional  at  ore 
forecast  principles  of  similarity,  providing  for  application  of  the  revealed  within  the  known 
diamondiferous  areas  indications,  totality  of  which  makes  it  possible  to  distinguish  them  from  the 
surrounding  space  containing  no  ore.  The  indications  are  revealed  with  the  help  of  visual  and 
computer  decoding  of  space  photographs;  specialized  qualitative  and  quantitative  processing  of 
initial  decoding  data.  Interpretation  was  performed  on  the  basis  of  available  geologic-geophysical 
data. 

Specialized  structural  map  of  East-European  Platform,  drawn  up  by  us  on  the  materials  of  data 
processing  of  small  and  average  resolution  space  photographs  decoding  with  application  of 
interpretation  results  of  airborne  and  gravimetric  maps  of  1:2  500  000  scale,  served  as  a  basis  for 
picking  out  perspective  areas.  There  are  reflected  only  those  elements  of  of  the  Platform’s  structure 
which,  in  our  opinion,  to  the  greatest  degree  promote  migration  of  mantle  rocks  (including 
kimberlites  as  well)  to  the  surface  of  the  Earth.  The  original  character  of  the  map  lies  in  the  fact  that 
it  shows  diverse  order  (with  the  diameter  from  the  first  thousands  of  metres  to  hundreds  of  km) 
radial-concentric  dislocations,  located  sufficiently  regularly  relatively  each  other,  as  the  main 
structural  elements  of  the  Platform. 

Endogenic  processes  are  accompanied  by  the  formation  of  various  geodynamic  centres.  Each  of 
“energy-generating  centres”  in  the  result  of  numerous  impulse  discharging  of  accumulated  energy 
creates  in  overlaying  thicknesses  organized  systems  of  divisibility  of  the  Earth’s  crust  and 
lithosphere  as  a  whole.  At  the  level  of  erosional  section  they  represent  poli-circled  (multi-ring  ) 
systems  of  radial-concentric  dislocations.  Diverse  order  and  diverse  rank  systems  of  radial- 
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concentric  dislocations  everywhere  display  themselves  as  a  compulsory  component  of  geological 
environment  tectonic  frame  and  must  be  considered  as  reliable  tectonophysical  indicators  of 
structure-forming  processes  of  the  centre  type.  These  regularities,  as  our  investigations  have 
indicated,  are  traced  during  generalization  of  images  in  smaller  and  small  scales,  and  the  majority  of 
known  at  present  elements  turn  out  to  be  fragments  of  radial-ring  systems  of  this  or  that  scale. 

Analysis  of  kimberlites  allocation  regularities  on  a  number  of  ancient  platforms  of  the  world 
allows  to  conclude  that  industrial  diamondiferous  areas  in  the  regional  plan  are  monitored  by  the 
following  structural  factors: 

1.  Arc  and  radial  zones  being  part  of  gigantic  systems  (up  to  10  000  km  in  diameter)  which, 
probably,  represent  main  frame  structures  affecting  evolutional  coming  into  being  of  continental 
Earth’s  crust  in  the  course  of  the  whole  history  of  its  development.  As  a  rule  they  stipulated  borders 
of  the  largest  lithospheric  blocks,  having  been  formed  in  different  time  and  in  different  from  each 
other  regimes,  as  well  as  places  of  blocking  up  largest  zones  of  linear  dislocation  of  the  crust  - 
different  in  age  Proterozoic  folding  belts,  Riphean  and  Paleozoic  riftogenic  structures  in  the 
basement,  Meso-Kainozoic  billows  and  chains  of  local  uplifts  in  sedimental  cover  of  platforms; 
folding  belts  in  the  frame  of  platforms.  These  zones  can  be  considered  as  the  most  abyssal,  mobile 
and  penetrating  parts  of  the  crust  for  heat  and  mass  transfer  on  the  whole,  stipulating  different 
physical  and  chemical  transformations  within  its  limits  in  the  course  of  lasting  geological  period  of 
time. 

On  the  territory  under  evaluation  we  have  revealed  East-Europian  radial-concentric  system,  the 
centre  of  which  is  located  300  km  north-west  of  Moscow. 

2.  By  arc  and  radial  elements,  making  up  ovoid-radial  structures  with  the  diameter  of  up  to  the 
first  thousands  of  kilometres,  within  the  East-European  Platform  there  were  revealed  seven  such 
structures  -  Ladozhskaya,  Mezenskaya,  middle- Volzhskaya,  Volgo-Uralskaya,  Donskaya, 
Dneprovskaya  and  Vislenskaya.  Epicentres  of  these  structures  clearly  are  drawn  to  the  knots  of  arc 
and  radial  constituents’  intersection  of  East-European  system,  and  composing  them  elements 
represent  mobile  and  penetrable  zones  of  violation  of  the  second  order  crust  unbrokenness,  which 
also  serve  as  channels  of  increased  penetrability. 

Authenticity  of  existence  of  ovoid-radial  structures  has  been  proved  by  means  of  spatial  correlation 
of  making  them  up  elements  with  available  geological,  geophysical  and  orographic  data.  In 
particular,  they  find  reflection  in  the  field  of  the  second  derivative  of  gravitational  potential  (V  A), 
where  along  the  periphery  of  ovoids’  kernels  there  locate  well-defined  negative  anomalies.  Such 
kind  of  picture,  according  to  the  direct  task  of  gravimetry,  is  typical  for  deep  occurring  spherical 
sources  with  positive  excessive  density.  In  anomalies  of  the  force  of  gravity  (in  reduction  of  Buge) 
and  their  transformations  to  ovoids,  on  the  whole,  there  correspond  positive  anomalies.  Near  the 
epicentres  of  ovoids  there  is  visible  “vortical”  dislocation  of  middle-frequency  gravitational  and 
magnetic  anomalies,  and  in  the  space  between  them  there  are  clearly  indicated  extended  linear 
anomalies  frequently  concurring  with  the  zones  of  linear  dislocations  of  the  basement.  It  is  not 
excluded  that  exactly  ovoid-radial  structures  represent  an  important  structural  factor  of  control  of 
diamondiferous  subprovinces,  the  traditional  definition  for  which  is  “ large  geological  blocks  of 
ancient  platforms  with  the  same  age  of  cratonization,  history  of  geological  development  and 
intensity  of  tectono-magmatic  activization  occurrences”  [1]. 

3.  By  ring  structures  with  diameter  150-220  km,  which  in  general  case  may  form  due  to  different 
reasons,  including  the  affect  on  the  Earth’s  crust  of  mantle  diapirs  over  which  evolutional  processes 
leading  to  formation  of  diamondiferous  regions  took  place.  Structural  elements  making  it  possible 
to  reveal  ring  structures  of  this  class  in  the  regions  of  development  of  mighty  thicknesses  of 
sedimentary  cover  occur  only  by  strokes  in  the  employed  by  us  at  this  stage  materials  of  space 
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photography  of  small  and  average  resolution.  At  this  stage  it  is  also  difficult  to  classify  the  revealed 
structures  by  perspectiveness  according  to  other  additional  indications,  among  which  -  availability 
and  absence  of  radial-concentric  dislocations,  their  dome  and  depression  nature,  etc.  A  reliable 
indication  of  attribution  such  kind  of  structures  to  potentially  diamondiferous  ones  in  this  scale  is 
only  their  position  in  intersection  knots  of  penetrable  zones  of  much  higher  order. 

Similar  texture  and  stability  of  sizes  of  the  revealed  radial-ring  structures  on  all  diamondiferous 
areas  of  the  world  testifies  about  close  nature  of  conditions  of  their  origin  and  development.  The 
reflection  of  composing  them  elements  in  modem  landscapes  tells  about  repeated  renewal  of 
violations  due  to  abyssal  energy  up  to  the  present  days. 

Into  the  basis  of  forecast  zoning  of  East-European  Platform’s  territory,  with  regard  to  possibilities 
of  diamondiferousness  within  the  frame  of  this  work,  there  was  put  the  principle  of  summing  up 
favourable  indications,  revealed  first  of  all  during  processing  of  space  photography  materials.  In  the 
final  variant  within  the  whole  territory  six  “space”  and  one  “geophysical”  informative  indication 
were  taken  into  account.  Among  others  the  following  ones  were  referred  to  as  informative:  zones  of 
radial  and  arc  elements  composing  East-European  system  and  the  knots  of  their  intersection;  chief 
elements  of  different  ovoid-radial  structures  and  various  combinations  of  composing  them  elements; 
areas  inside  ring  structures  of  average  size  (150-200  km),  stipulated  by  hearth  processes  in  mantle 
and  crust.  Summing  up  was  carried  out  within  rated  cells  of  50  x  50  km  size. 

The  most  part  of  anomaly  informative  cells  located  in  sufficiently  compact  groups  of  7  to  1 8  in 
each.  All  in  all  within  the  East-European  Platform  (within  the  borders  of  CIS,  Baltic  countries  and 
Finland)  there  were  delineated  26  different  in  size  areas,  15  of  which  are  characterized  by 
availability  within  their  limits  of  sufficiently  large  number  of  located  to  each  other  cells  with 
anomalous  sum  of  favourable  indications. 

Generalization  of  data  allows  to  make  a  preliminary  conclusion  that  the  sites  of  the  first  turn, 
where  one  can  hope  for  fast  achievement  of  positive  results  while  carrying  out  works  of  subsequent 
stages,  locate  in  Arkhangelsk,  Voronezh,  Novgorod-Tver’  and  Bryansk  areas  within  the  borders  of 
Russia,  Obruch-Zhitomir,  Sumskaya  and  Donetsk  areas  within  the  Ukrain,  Minsk  within  Belarus’. 
Saransk-Nizhnegorodskaya,  Kol’skaya,  Petrozavodskaya,  Kirovograd-Cherkasskaya,  Latviyskaya, 
Samarskaya,  Pecherskaya,  Finlyandskaya  areas  may  be  considered  in  the  second  turn,  while  the 
parameters,  by  which  they  are  included  into  this  group,  are  different  and  vary  from  considerable 
post-ore  section  of  the  territory  till  significant  in  thichness  cover  of  overlaying  sediments. 
Onezhskaya,  Tmanskaya,  Vologodskaya  and  Saratovskaya  areas  are  enlisted  by  the  sum  of  applied 
parameters  to  the  third  tum.The  developed  by  us  technology  [2]  presupposes  carrying  out  within  the 
allocated  areas  the  next  stage  of  forecast  works  with  application  of  distant  sounding  materials  of 
much  higher  resolution  (1:1  000  000  -  1 :500  000  scale),  which  will  enable  to  more  clearly  reveal  the 
elements  of  the  structures  controlling  the  ways  of  mantle  rocks’  migration  within  the  boundaries  of 
the  region,  as  well  as  determine  the  sites  where  localization  of  kimberlite  fields  is  most  probable. 
The  size  of  perspective  sites  therewith  reduces  by  an  order  (tens  -  first  hundreds  of  kilometres), 
which  will  make  it  possible  to  perform  the  complex  of  surface  prospecting  works  with  the  least  time 
and  material  expenses. 
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The  Geology  of  Micaceous  Kimberlite  Intrusives,  Khutse,  Botswana 
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Four  kimberlite  intrusives,  located  approximately  15km  west-south-west  of  Kikao,  in  the  southern 
portion  of  the  Central  Kalahari  Game  reserve,  Botswana,  were  discovered  by  MPH  Consulting 
Botswana,  operating  on  behalf  of  TNK  Resources,  in  early  1997.  All  four  were  discovered  by  a 
combination  of  airborne  and  ground  magnetic  surveys,  and  are  characterised  by  negative  anomalies. 
The  four  intrusives,  known  as  the  173N,  173S,  211  and  K0  kimberlites,  are  all  within  2.5  kilometres 
of  each  other.  They  are  overlain  by  approximately  40m  of  Kalahari  sand  cover,  and  based  on  core 
drilling  to  date,  are  less  than  2  hectares  in  size,  although  the  173S  and  K0  kimberlites  have  not  been 
fully  delineated.  Several  unusual  geological  features  are  present.  This  paper  focuses  mainly  on  the 
173N  kimberlite,  since  it  contains  the  freshest  material  available  for  research. 

Geology 

Kimberlite  173N  is  circular  in  outline,  and  1.5  Ha  in  size.  The  21 1  kimberlite  appears  to  elliptical  in 
shape,  and  between  1.5  and  2  Ha  in  size.  All  four  are  diamondiferous.  Geologically,  the  173N 
kimberlite  is  of  hypabyssal  facies,  while  173S,  K0  and  21 1  contain  both  crater  and  hypabyssal  facies 
kimberlite. 

The  presence  of  crater  facies  kimberlite,  and  the  absence  of  diatreme  facies  kimberlite  is  unusual  in 
southern  African  kimberlites.  Borehole  intersections  indicate  that  crater  facies  kimberlite  is 
predominant  in  the  173S,  211  and  K0  kimberlites,  with  small  (<20m)  intersections  of  hypabyssal 
kimberlite.  The  crater  facies  kimberlite  consists  of  irregular  globules  and  pelletal  lapilli,  set  in  a  matrix 
dominated  by  quartz.  The  drill  core  generally  resembles  globular-segregationary  kimberlite  rather  than 
crater  facies  kimberlite,  although  some  intersections  are  bedded.  The  hypabyssal  kimberlites  vary  from 
poorly  macrocrystic  to  macrocrystic,  and  depending  on  the  amount  of  country  rock  fragments  present, 
are  also  be  classified  a  macrocrystic  kimberlite  breccia.  The  hypabyssal  and  crater  facies  kimberlites 
from  21 1  and  K0  cannot  be  distinguished  from  one  another,  possibly  indicating  that  the  two  may  be 
part  of  a  single,  larger  intrusive  The  hypabyssal  kimberlite  from  173S  is  also  very  similar  to  those  of 
211  and  K0. 

The  173N  kimberlite  is  different  from  the  other  three  in  that  only  hypabyssal  kimberlite  is  present.  It 
is  unusual,  in  that  although  being  a  kimberlite  breccia  of  hypabyssal  facies,  the  actual  kimberlite 
intersections  are  of  macrocrystic  kimberlite,  with  very  few  or  no  country  rock  fragments  incorporated 
within  the  matrix.  The  intrusive  consists  of  alternating  intersections  of  hypabyssal  facies  kimberlite 
and  basalt  blocks  of  a  few  centimetres  to  several  metres  in  size.  Overall,  the  basalt  content  accounts 
for  45-50%  of  the  intrusive.  Petrographic  examination  suggests  that  only  one  intrusive  is  present. 

Petrography 

Olivine  macrocrysts  are  unusual  in  that  the  vast  majority  display  complex,  rather  than  oval  outlines. 
These  complex  dog-tooth  shapes  have  subhedral  crystal  faces.  In  addition,  the  matrix  mineralogy  is 
also  relatively  unusual.  It  is  dominated  by  phlogopite,  in  which  scattered  aggregates  of  two  or  more 
olivine  (micro)phenocrysts  are  present,  and  contains  interstitial  sanidine,  coarse-grained  perovskite 
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(>  0.05  mm),  apatite  and  diopside  microphenocrysts.  Based  on  relatively  fresh  hypabyssal  kimberlite 
from  the  173N  pipe,  the  hypabyssal  kimberlites  are  classified  mineralogically  as  sanidine-bearing 
phlogopite  kimberlites.  Texturally,  the  hypabyssal  kimberlites  classify  as  poorly  macrocrystic  to 
(predominant)  macrocrystic  kimberlite  (±breccias). 

The  crater  facies  kimberlites  consist  of  irregularly  shaped  and  lesser  sub-spherical  globules,  pellets  and 
pelletal  lapilli,  set  in  a  matrix  dominated  by  strained,  subangular,  poorly  sorted  quartz.  The  majority 
classify  texturally  as  sandy,  pelletal,  pyroclastic  kimberlite  tuffs  of  crater  facies.  Mineralogically,  they 
are  altered  and  cannot  be  positively  classified.  However,  phlogopite  is  the  predominant  matrix  phase 
of  the  globules  /  pellets,  with  some  diopside  discernable,  indicating  that  they  are  mineralogically 
similar  to  the  hypabyssal  kimberlites. 

Matrix  Mineral  Chemistry 

Electron  microprobe  analyses  of  olivine  macrocrysts  and  phenocrysts  and  matrix  phlogopite,  sanidine 
and  diopside,  indicate  that  despite  the  various  unusual  features  present,  that  the  intrusives  overlap 
compositionally  with  kimberlites  but  not  lamproites.  The  phlogopite  compositions,  in  particular,  are 
unusual,  being  characterised  by  high  FeO  (>1 1  wt.%)  and  low  A1203  (generally  <3wt.%)  contents. 

Indicator  Mineral  Chemistry 

All  four  intrusives  are  characterised  by  a  heavy  mineral  suite  which  includes  relatively  abundant 
garnet,  scarce  chromite  and  chrome  diopside,  and  very  rare  ilmenite,  the  latter  from  the  21 1  intrusive, 
only.  Major  element  indicator  mineral  compositions  reflect  a  very  weak  peridotitic  diamond  signature, 
with  a  comparatively  strong  eclogitic  diamond  signature. 

Diamonds 

Microdiamond  analyses  of  samples  from  all  four  intrusives  have  been  undertaken.  Positive  results  from 
all  four  intrusives  were  received. 

Conclusions 

Work  undertaken  on  these  four  intrusives  to  date  indicates  that  they  are  small  kimberlites.  Both  crater 
and  hypabyssal  facies  kimberlite  is  present.  Petrography  suggests  that  they  are  "evolved"  kimberlites, 
possibly  related  to  evolved  Group-II  kimberlites  If  so,  these  are  the  first  Group-II  kimberlites  outside 
of  South  Africa,  excluding  Dokolowayo  in  Swaziland. 
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